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INTRODUCTION 
Weed populations in cultivated fields cause serious crop losses. 
Weed eradication for longer than one season is hampered by the presence 
of dormancy mechanisms in weed seeds which control germination. Setaria 
lutescens (yellow foxtail), a serious weed in the midwestem United 
States, produces seeds that exhibit dormancy. 
The primary objective of this investigation was to determine if 
there is a morphological difference between dormant and non-dormant 
caryopses of lutescens. In addition, dormant and non-dormant caryopses 
were investigated for possible histochemical differences. 
Protein and lipid bodies are the primary sources of stored material 
in grass seeds. During germination, these reserve food products are 
digested into soluble forms. It seemed desirable, therefore, to also 
investigate the structural and histochemical changes accompanying this 
transformation during germination in non-dormant seeds and during 
comparable periods of time in dormant seeds subjected to favorable 
germination conditions. In addition to strictly descriptive work, certain 
experiments seemed necessary. Several germination tests were conducted 
to determine the effect of some germination inhibitors, including the 
effect of the covering structures of the caryopsis. Much of the pertinent 
literature of the fine-structure, anatomy and morphology of grass 
caryopses was also compiled and reviewed. 
2 
LITERATURE REVIEW 
Caryopsis Anatomy 
The structure of the grass caryopsis is unique in the plant kingdom. 
A great number of studies have appeared on various aspects of their 
anatomy, but no general review is found in the literature. The following 
will attempt to fill this gap, in general terms, by reviewing pertinent 
studies on the anatomy of grass caryopses. Figure 1 shows the structure 
of the caryopsis of Setaria lutescens; this drawing may be used for 
general reference. Appendix A contains a list of studies concerning the 
fine structure and morphology of caryopses in the Gramineae, 
Embryo axis 
Coleoptile This is a leaf-like sheath which surrounds the 
embryonic leaves and apical meristem. Its vascular supply extends to the 
tip and consists of two to five bundles (Reeder, 1953). The bundle ends 
intermesh with elongate tip cells to facilitate rapid water exchange and 
the external exudation of water (O'Brien and Thimann, 1965). In some 
species the coleoptile has a short slit extending downward from its tip 
which apparently permits easier emergence of the first leaf during germi­
nation. In rice, lateral and ventral scales are additional structures 
surrounding the coleoptile (Bouharmont, 1967). 
Interior to the coleoptile sheath are three to five conically 
arranged leaves, which form a protective moist chamber over the shoot 
apex. A mesocotyl occurs below the shoot apex. The embryo vascular 
system consists of procambial cells differentiating from the apex and 
3 
bifurcating from the mesocotyl to supply the coleoptile and scutellum. 
Radicle The radicle has a thick birefringent cell wall on its 
lateral surfaces. A small root cap covers the radicle apex. Enclosing 
the entire radicle and root cap is the coleorhiza which serves in part as 
a protective organ similar to the coleoptile. The coleorhiza is the 
first embryo organ to imbibe water and become metabolically active during 
germination. 
The epiblast is common in the Gramineae, although not present in the 
panicoid grasses, of which Setaria is a member (Pohl, 1966; Reeder, 1957). 
It protrudes laterally from the embryo away from the scutellum, and is an 
extension of the coleorhiza. 
Scutellum The shield-shaped scutellum partially surrounds the 
embryo axis and abuts on the endosperm. The outer layer of the scutellum 
consists of short, uniformly columnar cells known as scutellar 
epithelium (Mann and Harlan, 1915). The scutellum stores food reserves 
and acts as a secretory and absorbing organ; it secretes many enzymes and 
hormones, while many soluble endosperm metabolic products are absorbed by 
it (DanjF and Inosaka, 1960; MacLeod and Palmer, 1966). The scutellar 
vascular supply comes from the mesocotyl and branches upward, sometimes 
with many lateral branches (Avery, 1930). In wheat scutellum the central 
bundle and distal part of some of the lateral branches contain both xylem 
and phloem. About half of the smaller bundles contain only phloem, 
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consisting of one or two sieve tubes surrounded by a sheath of specialized 
parenchyma cells. The parenchyma sheath is probably responsible for 
carbohydrate conversion prior to phloem transfer. The structure of the 
scutellum vascular tissue is ideally suited for its specialized 
translocation role (Swift and O'Brien, 1970). 
Lipid reserves are highly concentrated in the scutellum, and are 
also found in all other cells of the embryo. Protein bodies are also 
ubiquitous throughout the embryo (Toole, 1924; Shetlar, 1948). Starch 
is found in various concentrations throughout most of the embryo. 
Endosperm 
Storage cells The endosperm is composed of elongate or isodia-
metric storage cells lacking evident intercellular spaces. In wheat, 
these cells are arranged radially from the center (Bessey, 1894). Their 
walls are reported to lack pectin and to be held together instead by 
proteinaceous material (MacLeod and McCorquodale, 1958). Endosperm cells 
are so gorged with food reserves that the nucleus sometimes appears 
crushed. The cells of the central region of the endosperm contain mostly 
starch, but the concentration per cell decreases toward the periphery. 
Protein storage bodies are the other major endosperm reserve (Mitsuda et 
al., 1969). Their distribution is opposite that of starch, with the 
greatest amount toward the outside. No appreciable lipid reserves are 
found in the endosperm of rice (Borasio, 1929). 
Czaja (1969) reports 17 different types of starch granules in the 
Gramineae. Characteristic fissure patterns may form in some mature starch 
granules (Badenhuizen, 1959) . 
Aleurone layer The outermost layer of the endosperm is called the 
aleurone layer. It is usually uniseriate but may be up to five layers 
thick. Each aleurone cell has a thick primary wall and contains an 
abundance of lipid and protein reserves, but no starch. 
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Kear the base of the caryopsis, adjacent to the end of the coleorhiza, 
the endosperm cells are enlarged and somewhat elongate perpendicular to 
the fruit coat. These cells have been called the "basal endosperm" 
(Kiesselbach, 1949; Kiesselbach and Walker, 1952) and they probably 
enhance nutrient transport during embryo and endosperm development. 
Kiesselbach (1949) and Kiesselbach and Walker (1952) studied their 
development and speculated about their absorptive function in com. 
The basal endosperm consists of an outer and an inner layer. The 
outer layer consists of elongate cells with thickened walls, especially 
their outer radial walls. This layer is continuous with the aleurone 
layer. The inner layer consists of cells with spiral or reticulate wall 
thickenings. Recently, Gunning and Pate (1969) suggested that the cells 
of the basal endosperm may be similar to the "transfer cells" which they 
have described in various plant regions. Transfer cells have thick walls 
modified by ingrowths which increase membrane surface area within the 
cells. These cells are probably related to short-distance nutrient 
transport. Harrington and Crocker (1923), Artschwager, Brandes and 
Starrett (1929), Narayanaswami (1955c), Lampe (1931), Weatherwax (1930) 
and Randolph (1936) all referred to the basal endosperm, in several 
grasses, by various names. 
In some grasses, e.g. Johnson grass (Holcus halepensls), Sudan grass 
(Hoieus halepensis sudanensis) and sugarcane (Saccharum sps.), the 
aleurone layer is not continuous around the entire caryopsis (Harrington 
and Crocker, 1923; Artschwager et al., 1929). In such species an opening 
called the hilar orifice is formed which is densely packed with thick 
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walled, collapsed cells containing a dark, pigmented substance. This 
"closing tissue", as it has been called, is quite thick, extending out 
from the endosperm several cell layers to the inner cell layer of the 
fruit coat (Harrington and Crocker, 1923). 
The pedicel, when the caryopsis is mature, is attached to the hilar 
orifice. In Johnson grass, vascular tissue branches just before reaching 
the hilar orifice. One branch twists and forms a coil of tracheary 
elements and the other branch passes over the hilar orifice. The 
tracheary elements rarely extend more than one third the length of the 
hilar orifice (Harrington and Crocker, 1923). 
Fruit coat The outermost layers of the caryopsis consist of 
remnants of the ovary, nucellus and integuments. These covering layers 
form the fruit coat; they have been thought to act as a barrier to 
pathogenic organisms and the passage of water and gases. In some species 
they may contain metabolic inhibitor compounds. The fruit coat has, 
therefore, been considered highly important in terms of certain dormancy 
mechanisms. 
The fruit coats of many grasses have been described. Representative 
studies are: barley (Guerln, 1899; Mann and Harlan, 1915); corn 
Kiesselbach, 1949; Wolf et al., 1952b); Indian millets (Narayanaswami, 
1953, 1955a, 1955b, 1956); Johnson grass (Harrington and Crocker, 1923); 
sorghum (Sanders, 1955); sugarcane (Artschwager et al., 1929); rice 
(Bouharmont, 1967); wheat (Bessey, 1894; Bradbury et al., 1956b). 
The fruit coat is continuous around the entire caryopsis except at 
the point where the caryopsis is connected to the axis of the inflores-
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cence (Figure 1). The outer layer of the fruit coat is covered by a 
thick cuticle. The pericarp may be a thin membrane or may be composed of 
one or several cell layers (e.g. outer epidermis, mesodermis, hypodermis, 
cross cells, tube cells and inner epidermis). In wheat the outer 
epidermis remains, and several layers of the mesocarp form a single 
additional layer (Bessey, 1894). The inside epidermis of the ovary may 
also be intact, or present as a membranous film, as in millet 
(Narayanaswami, 1956). Cross cells are elongated parallel to the long 
axis of the caryopsis and may be branched, while tube cells are 
elongated perpendicular to the caryopsis axis. Both have thick walls and 
are a part of the pericarp. The seed coat is derived from the integuments, 
which at maturity is usually reduced to a thin, dark, non-cellular layer. 
In tall wheatgrass (Agropyron elongatum) and in buffalo grass (Buchloe 
dactyloides), Thornton (1966a, 1966b) has observed that this layer is 
impermeable to certain materials. Dormancy in these species can be easily 
removed by disrupting the seed coat. The nucellar tissue inward from the 
seed coat is also usually reduced to a non-cellular layer. 
In Setaria, as in many other grasses, the lemma and palea are 
prominent structures with a sculptured outer layer containing silica. In 
italica (Keys, 1949) a peculiar flap-like structure is found at the 
ventral base of the lemma. During germination, the emerging coleorhiza 
pushes open the flap. This sequence of germination will be more fully 
discussed later. 
The unique embryo of grasses as compared to other families has 
stimulated much speculation concerning the homologies of grass embryo 
structures. Brown (1965) reviewed the literature on grass embryo homology 
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and concluded that; 1) the scutellum, coleoptile and mesocotyl are not 
homologous with any structures of mature grass plants, 2) the 
coleorhiza is the peripheral tissue left over after the radicle is 
delimited internally, and 3) the epiblast, when it occurs, is a lateral 
outgrowth of the coleorhiza. All of these structures are peculiar to the 
grass embryo and therefore have no homologies. 
Fine Structure of Food Storage Organelles 
The mature form and subsequent degradation of protein bodies, lipid 
bodies and starch granules during germination have been the subject of 
numerous studies. Recent interest in hormonal interactions related to 
nucleic acid activity and protein synthesis has stimulated further 
investigations. 
Protein bodies 
Protein bodies (aleurone grains) have long been observed (Hartig, 
1856; Pfeffer, 1872; Groom, 1893; Beauverie, 1907; Guilliermond, 1908; 
Chaze, 1934) and are probably universal in seeds. The ontogeny of protein 
bodies was first described by Beauverie (1907) and shortly after by 
Guilliermond (1908). Both noted the formation of a crystalloid within a 
vacuole followed by deposition of an amorphous protein matrix. This 
sequence of protein body formation was later confirmed by Chaze (1934) 
and has since been supported by the fine-structural investigations of 
Buttrose (1963a), Engleman (1966), St. Angelo, Yatsu and Altschul (1968) 
and others. 
Protein bodies consist of a membrane-bound protein matrix which may 
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contain crystalloid or globoid inclusions. The type of protein forming 
the matrix is called aleurin, which is considered to be different from 
the remaining seed proteins (Altschul et al. 1964). The crystalloid, 
present in some protein bodies, is composed of edestin, a crystalline 
protein of the aleurin type (St. Angelo et al., 1968), Globoid inclusioi 3 
show high acid phosphatase activity (Poux, 1965). Lui and Altschul (1967) 
isolated globoids from cotton seed and determined that they contained 
14.2 percent phosphorus and 10.0 percent metals. Phytic acid (phytin) 
was the only organic phosphate compound present. They suggested that the 
physiological role of the globoid was to act as a storage site for 
phosphorus and certain metals. 
Protein bodies from seeds of many different families have been 
reported; at least three types have been described. In seeds with copious 
oil reserves such as Yucca (Homer and Arnott, 1966), cucumber (Poux, 
1965), soybean (Bils and Howell, 1963) and hemp (St. Angelo et al., 1968) 
both crystalloid and globoid inclusions are found. 
A second type of protein body contains only globoids in the matrix. 
Seed species in this group include cotton (Engleman, 1966; Yatsu, 1965), 
Bidens (Simola, 1969), various legumes (Innamorati, 1963; Sobolev, 1966; 
Prokof'ev et al.,1967; Varner and Schidlovsky, 1963), and two grasses, 
barley (Jones, 1969a; Graham et al., 1962; van der Eb and Nieuwdorp, 
1967) and wheat (Buttrose, 1963a; Poux, 1965). 
A third type of protein body, lacking inclusions, has been reported 
for three grasses. In rice endosperm (Mitsuda et al., 1969), isolated 
protein bodies were found with alternating light and dark layers. The 
layers appeared granular and were apparent only after staining with 
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uranyl acetate or lead citrate. Jennings et al. (1963) and Ory and 
Henningsen (1969) observed protein bodies .n wheat and barley lacking 
inclusions, but with layering near the periphery. They speculated that 
these layers might be related to deposition of phytin. 
Protein bodies from several seed species have been observed to 
contain a number of hydrolytic enzymes (Matile, 1968a, 1968b; Poux, 1965; 
Yatsu and Jacks, 1968), which suggests that protein bodies may be like 
lysosomes, in that they function in intracellular digestion (Yatsu and 
Jacks, 1968). The role of protein bodies has been summarized by Matile 
(1968a): 1) they store certain reserve substances (e.g. phytin, metals 
and protein); 2) during germination they become lysosoma-like and their 
food reserves are mobilized; 3) they may form a cell compartment in which 
other cell constituents are broken down. 
Lipid storage 
Lipid bodies, in the form of spherosomes and oil droplets, are found 
in. many plant tissues (Sorokin and Sorokin, 1966). Spherosomes are 
single membrane-bound organelles 0.8-1.0 Tim in diameter. Their occurrence 
in seeds is well documented (Jones, 1969a, 1969b, 1969c; Jacks, Yatsu and 
Altschul, 1967; Maeda, 1969). They are known to contain phospholipids 
(Sorokin, 1967). Some evidence also exists that they are formed from 
vesicles produced by the endoplasmic reticulum and consist of lipo-protein 
material (Yatsu and Altschul, 1963; Frey-Wyssling et al., 1963). 
Oil droplets (granules or bodies) contain neutral fat, vary in 
diameter and can easily coalesce into larger aggregates. Oil droplets 
stain with Sudan dyes whereas spherosomes do not. The histochemical and 
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structural differences between these two organelles leads to the conclu­
sion that they are separate entities (Sorokin, 1967). 
Microbodies 
The degradation of storage lipid is intimately associated with 
glyoxysomes (Breidenbach, Kahn and Beevers, 1968), which belong to the 
group of organelles known as microbodies (Frederick et al., 1968; 
Frederick and Newcomb, 1969; Mollenhauer, Morre and Kelley, 1966). Vigil 
(1969) demonstrated that plant microbodies-are metabolically active 
organelles and chemically different from similar organelles found in 
animals. Glyoxysomes are single membrane-bound structures which have no 
internal structure. 
14 Oaks and Beevers (1964) observed that acetate-C could be 
incorporated into sugars in com scutellum. They assumed, therefore, 
that fatty acids were being released from stored lipids by 3-oxidation. 
The subsequent formation of acetyl-Co A would contribute to the synthesis 
of sugars via the glyoxylate cycle. Gerhardt and Beevers (1969, 1970) 
and Cooper and Beevers (1959a, 1969b) demonstrated that the enzymes 
necessary for the conversion of fat to carbohydrates were present in 
glyoxysomes. Cooper and Beevers (1969a) also found that some of the 
enzymes essential to the glyoxylate cycle were not in the glyoxysome 
fraction, but were instead located in the mitochondria. This led them to 
conclude that there is some type of cooperation between glyoxysomes and 
mitochondria in this function. Cooper and Beevers (1969a, 1969b) reported 
that the enzymes necessary for 3-oxidation and for the formation of 
acetyl-Co A are also found in the glyoxysome fraction. Ching (1969) and 
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Gerhardt and Beevers (1969) found RNA in glyoxysomes and also noted that 
proteins were synthesized there. RNA content and protein content both 
increase in glyoxysomes during germination and breakdown of lipids. 
Dehydrated seed tissues 
Dehydrated seed tissues appear to lack membranous structures (Bain 
and Mercer, 1966). Most workers soak seeds prior to preparation for 
microscopy, which initiates enough metabolic activity to prevent accurate 
observation of the quiescent state. Yatsu (1965) appreciated this fact, 
and observed the structure of dry cotton cotyledons. He noted that such 
membranes as the nuclear envelope and endoplasmic reticulum were visible, 
but that they were considerably more dense than in hydrated tissues. 
Other organelles and structures were also present, but quite dense due to 
dehydration and abundant storage material. Pemer (1965), Setterfield, 
Stern and Johnston (1959) and Jones (1969a) studied the fine structure of 
dry pea, wheat and barley seeds and observed similar characteristics. In 
dry bean cotyledons, nuclei with highly irregular membrane outlines have 
been found (dpik, 1965). During germination the nuclei reportedly changed 
shape by extending and retracting the nuclear envelope, which was related 
to the promotion of protein synthesis. Invaginated nuclear membranes 
were also observed in Yucca seeds before germination (Homer and Arnott, 
1965). Chapman and Rieber (1967) observed that ribosomes were confined 
to areas around mitochondria in dry pea seeds. 
Starch is the most abundant storage reserve in the endosperm of 
grasses, and it is also present in small quantities throughout most of 
the embryo. Proplastids develop into leucoplasts in seeds and accumulate 
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starch. Hoshikawa (1969) has discussed this transformation in rice. 
Buttrose (1960) and Frey-Wyssling and Buttrose (1961) have described the 
fine-structural organization of starch granules. 
Seed Dormancy and Germination 
Natural dormancy in seeds has been defined as a condition which 
precludes further growth until some special stimulating agent or condition 
has been supplied (Amen, 1968). The factors contributing to this may vary 
within a seed species and even within the same seed at different stages 
of its life cycle (Nat. Acad. Sci., 1968). A dormant period is common 
for most seeds, but the cause, and how to remove it, is controversial. 
Several recent reviews deal with this problem (Amen, 1963, 1968; Barton, 
1965a, 1965b; Black, 1970; Evenari, 1965; Roberts, 1969; Wareing, 1965). 
The interaction between metabolic promoters and inhibitors is a 
dominant factor in seed dormancy. Thimann (1956) summed up the importance 
of this relationship: 
The principle that inhibition is often or usually accompanied 
by a change in the balance between opposing reactions seems to 
emerge with clarity; promotion of one reaction can be due to 
inhibition of another and vice versa, through the resulting 
removal of limiting factors, or the accumulation of reagents 
which previously were rate-limiting. Overall processes like 
cell enlargement or the synthesis of complex compounds 
appear to be commonly subject to multiple control. It is 
this, probably, which gives the cell its enormous flexibility, 
and helps the organism to survive under a variety of unfavor­
able conditions. 
14 
Amen's dormancy model 
Amen (1968) also emphasized the inhibitor-promotor concept and 
offered a general model to explain dormancy in most seeds. He divided 
seed dormancy into four phases. The inductive phase is a period of 
decreased level of growth hormones, which may be genetically predetermined 
or environmentally controlled. The maintenance phase is a period of 
indefinite length during which seed metabolism is partially inhibited. 
The trigger phase is a period of seed sensitivity to environmental 
stimuli which will overcome the dormancy factor. The germination phase 
involves increased hormonal activity, followed by nucleic acid replica­
tion, enzyme production and cell division. The following review, on 
further aspects of the inhibitor-promotor control of dormancy and 
germination, will be organized according to these four phases. 
Induction phase A decrease in the level of growth prumotors and 
an increase in the effect of growth inhibitors are general features of 
seed maturation (Hatcher and Gregory, 1941; Amen, 1968). Naturally 
occurring growth promotors have been identified; gibberellic acid, 
kinetin and indoleacetic acid are a few. Many growth inhibitors are also 
known; benzoic acid, cinnamic acid, coumarin, the inhibitor B complex 
and abscisic acid (ABA) are some examples (Galston and Davies, 1969; 
Leopold, 1964; Shantz, 1966). ABA is an inhibitor of great current 
importance, having broad physiological effects. It causes bud dormancy 
in many woody plants, inhibits nucleic acid synthesis, and inhibits 
germination in many seeds (Addicott and Lyon, 1969; Milborrow, 1969; 
Wareing and Ryback, 1970). ABA has also been demonstrated to have an 
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antagonistic effect with several growth promoters (Pilet, 1970). Kelly 
(1959) discussed the relationship between ABA and GA^ in seed dormancy 
using Amen's model. 
ABA has been extracted and found to be the natural inhibitor in 
many seeds, and it has been applied exogenously to cause inhibition of 
several others (Table 1). 
Maintenance phase This is a period of reduced metabolic activity 
caused by some blocking mechanism. Several inhibitor-promotor complexes 
could exist within a seed, each responsible for the regulation of 
different metabolic pathways (Amen, 1968). Abscisic acid may be involved 
in the regulation of many of these complexes, since it is apparently not 
linked to a single hormone response (Aspinall, Paleg and Addicott, 1967). 
Originally, it was thought that ABA had a specific role in abscission and 
in dormancy. In view of its widespread occurrence and activity, it is 
now felt that its effects must be more general (Warelng and Ryback, 1970). 
A good deal of evidence suggests that the mechanism of ABA action 
concerns nucleic acid regulation. Van Overbeek, Loeffler and Mason (1967) 
presented evidence from Lemna minor (duckweed) cultures that ABA inhibits 
the synthesis of DNA. After exogenous addition of ABA and incorporation 
of radioactive phosphate, they extracted and separated nucleic acids from 
Lemna. The inhibition of DNA always preceded that of RNA, although both 
were ultimately inhibited. Cytokinins reversed this inhibition, but again 
DNA was affected before RNA. They suggested that Monod's model 
(Lehninger, 1970) accurately diagrammed the mechanism of ABA action. This 
model involves DNA polymerase as the protein, ABA as the inhibitor and 
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Table 1. Lists of seeds in which abscisic acid (ABA) has been 
demonstrated to have an inhibitory effect 
Species 
ABA 
location Reversed by Reference 
1,2 Aegilops kotschyi 
Bouteloua curtipendula 
(sideoats grama) 
2 Ehrharta calycina 
(veldgrass) 
2 Festuca arundinacea 
(tall fescue) 
2 Lolium multiflorum 
(annual ryegrass) 
Oryza sativa 
(rice) 
Setaria lutescens 
(yellow foxtail) 
Triticum sp. 
(wheat) 
Hordeum sp.^ 
(barley) 
hulls 
hulls 
GA, lAA 
Wurzburger and Leshem 
(1969) 
Sumner and Lyon (1967) 
Sumner and Lyon (1967) 
Sumner and Lyon (1967) 
Sumner and Lyon (1967) 
Dey and Sircar (1968); 
Roberts (1961); Varga 
(1967) 
GA, kinetin, Kollman (1970) 
af ter-ripening, 
benzyadenine 
and leaching 
Miyamoto, Tolbert and 
Everson (1961) 
GA Chrispeels and Varner 
(1966) 
(The following are not grass species) 
Corylus avellana 
(hazel) 
Fraxinus sp. 
(ash) 
hulls and 
seed coat 
seed coat 
GA, after-
ripening 
Bradbeer (1968) 
GA, kinetin and Sondheimer, Tzou and 
after-ripening Galson (1968) 
^ot positively identified. 
^ot established as naturally occurring. 
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Table 1. (Continued) 
ABA 
Species location Reversed by Reference 
I-lalus sp. - after-ripening Rudnicki (1969) 
(apple) 
Lactuca sativa 
(lettuce) 
kinetin, Sanka]a and Sankhla 
ethylene and (1968) 
b enzyladenine 
cytokinins or other promoters as the activator. 
Villiers (1968) suggested that the mechanism of ABA activity 
3 
concerned the control of mRNA synthesis. He incorporated H -uridine, 
3 3 H -thymidine and H -leucine into ash seeds, and demonstrated that ABA 
3 inhibited RNA synthesis by the limited uptake of H -uridine. Although 
germination was inhibited, seeds still incorporated amino acids. Protein 
synthesis and the activity of already existing mSNA were not affected by 
ABA. He suggested that ABA inhibits the synthesis of specific types of 
mRNA. Pearson and Wareing (1969) also demonstrated a decrease in RNA 
synthesis in radish seeds resulting from ABA treatment. 
Trigger phase This phase concerns the factor which removes the 
cause of initial dormancy. This results in a change in the inhibitor-
promo tor balance in favor of the promoter. 
Villiers and Wareing (1965) demonstrated that there was no decrease 
in the amount of Inhibitor in ash seeds during after-ripening. They 
found instead that an increase in the level of growth promoters occurred, 
which apparently counteracts the effect of the inhibitors still present. 
A similar increase in GA was reported by Frankland and Wareing (1966) in 
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hazel and beech (Fagus sylvatica). Ross and Bradbeer (1968) reported that 
the role of chilling is to activate mechanisms for GA synthesis in hazel. 
They demonstrated further that normal temperatures (20 C) must be 
restored before GA synthesis actively occurred. The embryo axis produced 
100 times more GA than did the cotyledons. The levels of inhibitor (ABA) 
also remains constant in Setaria lutescens during after-ripening (Kollman, 
1970). Chilling and ethylene chlorohydrin treatment of ash buds was, on 
the other hand, accompanied by a decrease in the level of endogenous 
inhibitors (Hemburg, 1949). 
Breaking dormancy in hazel seeds is hypothesized to involve hormone 
induced changes in nucleic acid synthesis (Jarvis, Frankland and Cherry, 
1958a, 1968b). They suggested that GA^ synthesis mechanisms are 
activated by chilling, and that GA^ increases DNA template availability 
and stimulates RNA synthesis. Their model indicates that the dormancy 
factor represses an operator gene, and that GA^ + a co-effector substance, 
overcomes that repression to initiate transcription. Their model, also 
based on Monod, is: 
Hormone control model, after Jarvis et al. (1968a) 
Repression 
Regulator* 1 mRNA's 
k A j 
Derepression 
Operator Structural genes** 
I—— 1 
Operon 
GA^ + co-effector 
* 
Possible site of ABA action suggested by van Overbeek, Loeffler and 
Mason (1968). 
** 
ABA site suggested by Villiers (1968). [Asterisks added] 
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Other effects of cold temperature stratification have been observed. 
Eagles and Wareing (1964) stated that natural breaking of dormancy by a 
cold period is usually accompanied by an increase in endogenous 
gibberellins. Crocker (1916) observed that after-ripening involves changes 
in the chemical nature of the seed coat which alters that relation of the 
embryo to its environment. An increase in enzyme activity, acidity and 
respiration rate has been reported to accompany after-ripening (Davis, 
1930; Eckerson, 1913; Haut, 1932). In pearl millet (Pennisetum glaucum), 
cold temperature stratification and water leaching had no effect on 
dormancy; GA and kinetin, however, did remove dormancy (Burton, 1969). 
Asakawa (1959) reported that the main effect of stratification was 
to activate certain metabolic systems involved in radicle elongation in 
sugar pine (Pinus lambertiana) seeds. An increase of available energy 
by removing a respiration block was reported to be the role of after-
ripening in cherry seeds (Prunus sp.) (Pollock and Olney, 1959). In 
parsnip seeds (Heracleum sphondylium) (Stokes, 1952) and in ash (Villiers 
and Wareing, 1965), embryo growth occurred during prolonged storage at 
cold temperatures. Stokes (1953) also demonstrated that seed proteins 
were broken down during the after-ripening period. Ross (1969) reported 
a 40 percent loss of total lipids during after-ripening of douglas fir 
(Pseudotsuga taxlfolla) seeds. He suggested that the role of after-
ripening is not to make soluble food reserves available, but instead 
to create conditions for germination whereby faster mobilization of 
storage reserves will be facilitated. 
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Germination phase 
Control factors Hormonal control of enzyme synthesis is a 
prerequisite to germination. In barley (Hordeum vulgare), GA released 
from the embryo is known to stimulate the formation of hydrolytic 
enzymes in aleurone cells (Varner and Chandra, 1964). Ingle and Hageman 
(1965) demonstrated a similar response in com (Zea mays). Chrlspeels 
and Vamer (1957a, 1967b) further clarified the role of GA in germination 
by showing that it enhances a-amylase and ribonuclease production and 
that Inhibition of protein and RNA synthesis retards germination. They 
also showed that GA enhancement was inhibited by ABA suggesting that the 
expression of the GA effect requires the synthesis of enzyme-specific 
species of RNA. 
Protein synthesis is known to be required for cell elongation 
(Nooden and Thimann, 1963). Marcus and Feeley (1964) observed that the 
level of amino acid incorporation into protein in dry seeds is very low 
and that it increases rapidly after imbibition. They showed that some of 
the soluble enzymes necessary for protein synthesis are already present 
in dry seeds, but that polysome activation requires imbibition. They 
suggested that the activation and formation of mRNA occurs in all seeds. 
Cherry (1963) also observed an mRNA increase in peanut cotyledons. RNA 
content tripled during the first eight days of germination and subsequent­
ly decreased. This decrease was accompanied by an increase in RNAase 
activity, while DNA content doubled by the tenth day. 
Polysome formation is essential to protein synthesis; it requires 
the presence of tRNA, mRNA, ATP, Mg and ribosomes (Marcus and Feeley. 
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1965, 1956). The absence of any of these substances will inhibit protein 
synthesis and therefore germination. The activity of the protein 
synthesis apparatus increases during imbibition. Presley and Fowden 
(1955) used an analogue to replace proline in protein synthesis of 
germinating seeds. They noted that the rate and amount of acid 
phosphatase and isocitritase production was unaffected and concluded that 
these enzymes were produced from preformed macromolecules and not de novo 
from amino acids. They also observed that although enzyme activity in 
cucumber and pumpkin radicles (Cucurbita sps.) was inhibited, enzyme 
activity in the cotyledons continued unimpaired. Dure and Waters (1965) 
added actinomycin D to germinating cotton embryos (Gossypium sp.), and 
observed that polysome formation continued during the first 16 hours. 
This suggested the existence of a special long-lived mRNA in the mature 
seed prior to imbibition. Cherry and Lessman (1967) extracted an RNA 
fraction from com, which they also believed to be long-lived mRNA. They 
were not able to extract this fraction from peas (Pisum sativum). They 
felt, therefore, that long-lived mRNA was peculiar to monocotyledonous 
seeds. The significance of long-lived mRNA, they thought, would be its 
role in coding for structural proteins and enzymes required initially in 
gemination. Void and Sypherd (1968) reported a 50 percent decrease in 
tRNA during the first 10-15 hours of germination of wheat seeds, followed 
by an increase to normal level at 20 hours. Ribonuclease activity 
Increased and decreased parallel to that change. They correlated this 
change in tRNA population to similar changes in long-lived and normal 
mRNA as described previously. 
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The control and maintenance of dormancy in seeds can be summarized 
by a general diagram constructed from Amen (1968) as follows: 
Induction Phase 
(Inhibitor effect dominant as a result of genetic control. 
Abscisic acid is the probable cause of dormancy in many 
seeds.) 
Inhibitor 
Maintenance Phase 
(Dormancy maintained 
in the case of ABA 
by repression of 
nucleic acid synthe­
sis.) 
Growth Dormancy 
Promoter 
Germination Phase 
(Continuation of nu­
cleic acid synthesis 
leading to enzyme 
formation, the 
release of storage 
products, re-synthe-
sis of macromolecules 
and cell division.) 
Trigger Phase 
(Reversal of inhibitor-promotor condition to favor the 
release of dormancy. Involves derepression of nucleic 
acid synthesis by GA or some other hormone.) 
The specific mechanism of each phase is variable and is dependent upon 
the chemical and structural makeup of each seed species. 
Structural and physiological changes Evenari (1957) defined 
germination as: 
Those processes, starting with imbibition of the seed and end­
ing with the protrusion of the root, which take place inside 
the seed and prepare the embryo for normal growth. 
Excellent reviews concerning the physiology of germination are available 
(Brown and Morris, 1890; Green, 1890; Mayer and Poljakoff-Mayber, 1963; 
Miller, 1910; Toole et al., 1956; and Varner, 1965). 
Germination is regulated by a system of interlocking metabolic 
reactions and by changes in the levels of promotor and inhibitor compounds. 
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In most seeds this change is triggered by environmental changes coupled 
with imbibition. 
Paleg (1961) and Cohen and Paleg (1967) suggested a mode of action 
which stimulates germination: Gibberellic acid secreted from the embryo 
acts upon the aleurone layer, causing the production of certain enzymes. 
Paleg's model for this response is: 
GA trigger action «-Protein release » Amylase—•«•Reducing sugars 
Hyde and Paleg (1963), Paleg and Hyde (1964) and Jones (1959b, 1969c) 
have reported structural changes in barley aleurone cells as a result of 
GA treatment. There was an 8 - 10 hour lag phase after addition of GA 
during which no increase of a-amylase production was recorded (Jones, 
1969b). Immediately following the lag phase there was a 10 - 12 hour 
period of rapid synthesis, secretion and accompanying structural changes. 
Rough endoplasmic reticulum with distended cisternae were found, 
dictyosomes became apparent and the number of plastids increased. 
Spherosomes decreased in number, but their pattern of degradation was not 
apparent. The globoids within protein bodies lost their crystalloid 
appearance and formed many spherical, vesicle-like units. Numerous 
vesicles were also seen throughout the cytoplasm. 
The synthesis of protease in isolated barley endosperm cells 
(Jacobson and Vamer, 1967), and the secretion of soluble carbohydrates 
and several phosphatases (Pollard and Singh, 1968), has been observed to 
Proteinases Other hydrolases 
Dissolution of seed stores 
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be affected by GA. Increase in a-amylase activity in rice and in oats by 
the addition of exogenous GA (Naylor, 1966; Ogawa, 1966) has also been 
reported. The activity of catalase (Ransom, 1935) and lipase (Pett, 1935) 
has also been demonstrated to increase with germination. 
Little external change can be observed during the first 48 hours of 
germination in some grains (Brown, 1965), even though a good deal of 
measurable physiological change has taken place. A decrease in the amount 
of total protein, lipids and insoluble carbohydrates occurs in corn before 
any outward extension (Ingle, Beevers and Hageman, 1964). A slow, 
progressive loss of stored lipid has been measured in barley (MacLeod and 
White, 1961) and castor bean (Glew, 1969). Tavener and Laidman (1968) 
demonstrated that lipid breakdown in wheat occurred first in the embryo 
axis, followed in 24 hours by lipids in the scutellum. The endosperm 
lacked lipase activity. During germination, lipid content decreased from 
59 mg/90 grains at day 0 to 18 mg/90 seedlings at day 8. Lipase activity 
increased from 5.3 units/90 grains at day 0 to 60.5 units/90 seedlings at 
day 5. In com scutellum, Longo and Longo (1970) observed that the 
enzymes necessary for lipid conversion into sugars increased rapidly 
during the first four days of germination. The activity of these enzymes 
dropped after the fourth day. 
The coleorhiza has a unique role in grass seed germination. It is 
the nearest embryo organ to water, and the first to imbibe and become 
metabolically active. Price and Ey (1970) observed that the coleorhiza of 
wheat was the first organ to attain high enzyme activity, and the first to 
lose most of its stored lipids, proteins and RNA. 
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Briarty, Coult and Boulter (1970) report that protein body digestion 
occurs first in cells closest to the vascular bundles and epidermis in 
Vicia faba cotyledons. Opik (1966), in contrast, observed that digestion 
occurred first in cells farthest from the vascular bundles in Phaseolus 
vulgaris cotyledons. The intracellular pattern of individual protein 
body degradation appears to be somewhat the same in most seeds. Degrada­
tion is usually preceded by swelling and coalescence of the body 
components. The protein matrix then breaks down internally in an 
irregular pattern, usually not starting from the periphery (Briarty et 
al., 1970; Klein and Ben-Shaul, 1966; Tombs, 1967 and others). Horner and 
Arnott (1965) showed a somewhat similar pattern in Yucca, except that 
peripheral digestion occurred in the early stages. After the protein 
body is completely digested all that remains is a protein vacuole. 
Lipid bodies (spherosomes and fat bodies) usually accumulate around 
cell walls and protein bodies in dehydrated seeds (Klein and Ben-Shaul, 
1966; van der Eb and Nieuwdorp, 1967). During germination of castor 
beans, spherosomes decrease in size and ultimately disappear from the 
endosperm, while glyoxysomes increase during germination. Glyoxysomes 
have been seen clustered around degrading spherosomes (Vigil, 1970). 
Lipids may be converted to sugars, as mentioned previously. Carbo­
hydrates which are not immediately used are re-stored in leucoplasts 
as starch (Nieuwdorp and Buys, 1964). Leucoplasts form in the scutellum 
and in various embryo organs. Endosperm starch, however, is deposited 
during seed formation and is broken down after seedling emergence. 
Rough endoplasmic reticulum, dictyosomes, polyribosomes, glyoxysomes 
26 
and mitochondria occur in seed cells which are not solely for storage. 
Cotyledon cells of Bidens radiata, for example, are transformed from 
storage cells to fully functional chlorenchyma cells during germination. 
Protein bodies and spherosomes are digested and replaced by chloroplasts, 
mitochondria and other organelles typical of a leaf mesophyll cell 
(Simola, 1969). 
The digestion of food storage organelles is an absolute necessity 
for germination to occur. Some enzymes and RNA components may already 
exist in dried seeds, to initiate degradation processes, but increased 
activity is necessary for continued growth. Dormancy mechanisms involved 
in the control of nucleic acid synthesis appear, therefore, to control 
the breakdown of stored foods and of germination itself. 
Studies Comparing Dormant and Non-Dormant Seeds 
Comparisons of different parameters in dormant and non-dormant seeds 
of a few species have been made by other investigators. In most cases no 
significant differences have been reported. LaCroix (1961) observed 
peculiar dense bodies in the nucleoli of only non-dormant radicle cells 
in Polygonum pensylvanicum. His electron micrographie evidence was, 
however, quite limited and inconclusive. Roberts (1969) reported that 
the respiration rate of dormant and non-dormant barley was approximately 
the same. He did observe, however, that the enzymes necessary for the 
pentose phosphate pathway are not as active in dormant barley seeds; this 
may contribute to some aspects of its dormancy. The protein synthesis 
apparatus is also approximately the same in some dormant and non-dormant 
seeds (Black, 1970). 
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Few other studies have attempted to compare dormant and non-dormant 
seeds on the basis of structure and histochemistry. Major and Roberts 
(1968) compared dormant and non-dormant rice grains histochemically on 
the basis of the enzymes present in their caryopsis coats; they found no 
differences- E. H. Roberts (personal communication) also found no differ­
ences in barley. M. L. Thornton (personal communication) mentioned that 
L. W. Durrell (Colo. State Univ., Ft. Collins) found no differences in the 
structure of the integumentary structures of dormant and non-dormant grass 
caryopses. 
One other comparative study has been done on Setaria lutescens. 
Neito-Hatem (1963) compared dormant and non-dormant florets on the basis 
of sugar, fatty acid and organic acid components. He concluded that there 
are no differences. A slight lipid component was detected in the endosperm 
of dormant florets; however, this factor was not investigated further. 
Some species do exhibit structural differences between dormant and 
non-dormant seeds. Ash (Fraxinus) embryos are morphologically mature, 
but they enlarge during after-ripening while they become non-dormant 
(Villiers and Wareing, 1965). There are also certain organelle changes 
in dormant ash seeds during after-ripening; lipid bodies decrease and endo­
plasmic reticulum appear, although no polysomes form (T. A. Villiers, 
personal communication). In douglas fir (Pseudotsuga), Ross (1969) 
observed a 40 percent loss of lipids during after-ripening. M. Evenari 
(personal communication), a well known investigator of dormancy, maintains 
that some distinctive fine-structural feature should separate a dormant 
seed from a non-dormant one. He has not investigated this possibility. 
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however. The overwhelming evidence from the studies previously considered 
is that there are no significant structural or histochemical differences 
distinguishing dormant from non-dormant seeds. 
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MATERIALS AND METHODS 
Setaria faberli (giant foxtail) and lutescens (yellow foxtail) 
were investigated initially, but the study soon concentrated on the 
latter species since more information concerning its dormancy behavior 
was known. Seeds were collected on screens placed between rows of 
Setaria cultivated in field plots near Ames, Iowa and stored at 4 C. 
For the purposes of this study, the term "seed" means the entire spikelet, 
consisting of the caryopsis enclosed by its lemma, palea and glumes. 
Germination and tetrazolium viability tests were made on each seed 
lot. Only those seeds exhibiting a high percentage of dormancy coupled 
with a high degree of viability were used. Similarly, only lots with 
high germination percentages were considered representative of the non-
dormant condition. Tests were always repeated at least twice. 
Germination Tests 
Seeds were germinated on a double thickness of blotter paper in 
petri dishes. Thirteen ml of distilled water, or other solution to be 
tested, was added to each dish. Ten, 20, 50 or 100 seeds, caryopses or 
excised embryos were placed in each dish. Rate of germination was 
determined by using "sum of ten" germination data according to the method 
of Timson (1965). Germination tests were carried out over a ten-day 
period, unless otherwise indicated. Germination percentage was also 
calculated for some experiments. The anatomical and histochemical 
techniques used in this study are described in the following sections. 
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Paraffin Techniques 
Caryopses were removed and halved longitudinally before fixation. 
Some were pre-soaked 6-12 hours in a 1:1 mixture of 2 percent lactic acid 
and 2 percent sodium sulfate (Sass, 1945). This treatment softened the 
dense seed tissues sufficiently to permit fixative penetration. Pre-
soaking was used only with slow-penetrating fixatives. 
Several fixatives were used with adequate results; Zirkle-Erliki's 
fluid, CRAF III and FAA are examples (Sass, 1958). Glutaraldehyde (4 per­
cent) or acrolein (10 percent) and mixtures of the two at various 
concentrations were best. Aldehyde fixatives were usually buffered in O.IM 
phosphate (Lillie, 1957) at pH 6.0-7.3, depending upon the subsequent 
histochemical tests to be applied. 
A dioxane dehydration series with normal butyl alcohol was commonly 
used (Sass, 1958), although an ethanol/tertiary butyl alcohol dehydration 
series was sometimes employed. Tissuemat (61 C) was always used for 
embedding. 
In order to soften the tissue sufficiently after embedding to permit 
sectioning, seeds were exposed in the paraffin blocks and soaked for 1-12 
hours in a 1:4 mixture of glacial acetic acid:60 percent ethanol (Gifford, 
1950). Sections were cut at 10 ym on a rotary microtome. 
Sections were mounted on slides with Haupt's adhesive (Johansen, 
1940). For general staining, paraffin was removed with xylene and the 
tissue hydrated in a graded ethanol series. Gray and Pickle's safranin 
(Gray and Pickle, 1956) or Johansen*s safranin (Johansen, 1940) were used 
with chlorazol black E or fast green as counter-stains. A flow-chart of 
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the paraffin method most commonly used is in Appendix B, Chart 1. 
Plastic Techniques 
Caryopses were quartered before fixation. The following percentages 
and mixtures of fixatives were used with plastic embedding: 4 percent 
glutaraldehyde, 2 percent gluteraldehyde/1 percent acrolein, 1 percent 
paraformaldehyde/1 percent acrolein and 2 percent glutaraldehyde, 10 
percent acrolein, and 2 percent potassium permanganate. Phosphate buffer 
(O.IM) (Lillie, 1957) at pH 6.8-7.3 was most commonly used in conjunction 
with these fixatives. Fixation was done at 4 C for 2 hours. Tissues 
were rinsed in buffer and post-fixed in buffered 1 percent osmium 
tetroxide for 1 hour. After a second buffer rinse, a graded series of 
ethanol and propylene oxide was most often used for dehydration. Tissues 
fixed in 10 percent acrolein were not post-fixed and were observed only 
by light microscopy. 
Tissues to be embedded in methacrylate were processed according to 
the alcohol dehydration schedule of Feder and O'Brien (1968). A modified 
Araldite/Epon mixture (Mollenhauer, 1964) and Spurr epoxy resin (Spurr, 
1969) were other plastic embedding resins used for seeds. Appendix B, 
Charts 2 and 3 contain further details of these last two methods. 
One ]im plastic sections were cut with glass knives on an LKB III 
ultramicrotome. Thick sections were floated on a drop of water on a 
glass slide, dried and stained. A 1 percent toluidine blue, 1 percent 
safranin or paragon stain was applied for 1-2 min. on a slide warming 
tray. Thin sections (60-70 nm) were cut with a DuPont diamond knife and 
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stained with lead citrate (10 min.) (Reynolds, 1963) or uranyl acetate 
(15 min.) (Stempak and Ward, 1964). An RCA EMU-3F or Hitachi HU-llC 
electron microscope was used for fine structure observations. 
His tochemis try 
Light microscope level 
Histochemical tests were conducted primarily by light microscopy. 
Most tests were done on dry seeds to accurately evaluate histochemical 
activity without considering the effect of hydration. Dormant and non-
dormant seeds were also compared in the hydrated state and after 
germinating for various periods of time. Table 2 lists the histochemical 
tests which were used. Those indicated by an asterisk are outlined in 
Appendix B, Charts 4-8. 
Electron microscope level 
Acid phosphatase and catalase activity were tested for at the fine 
structural level. These tests were conducted only on dry seeds to 
determine the state of chemical activity without the effect of hydration. 
Acid phosphatase activity was expected to occur in the vicinity of protein 
bodies, but all attempts with this test were unsuccessful and will not be 
reported. Catalase activity was used to indicate the presence of 
glyoxysomes; 3,3'-diamino benzidine incubation was used for this test 
according to the schedules of Fahiml (1968) and Vigil (1970). 
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Table 2. Histochemlcal tests 
Substance tested Test used Reference 
Acid phosphatase 
Carbohydrates 
Catalase 
Dehydrogenases 
Lipids 
Minerals 
Nucleic acids 
Proteins 
*Gomori method (LM) 
Gomori method (EM) 
*Periodic acid-Schiff 
reaction with 
a-amylase extraction 
3,3'-dlamino benzidine 
test (EM) 
Tetrazolium test 
*Nile-blue acid 
Haematein phospholipid 
test 
**Sudan III & IV 
Calcium metal 
substitution test 
Micro-incineration 
*Azure B with RNA'ase 
and DNA'ase extraction 
Acridine Orange with 
extractions 
Methyl green/Pyronin Y 
with perchloric acid 
extraction 
*Mercuric bromphenol 
blue with pepsin 
extraction 
Napthol Yellow S 
Ferrocyanide reaction 
N inhy drin-S chi f f 
Gomori (1952) 
Essner and Novikoff (1962) 
Casselman (1959) 
Fahimi (1968); Vigil (1970) 
Iowa State Univ. (1967) 
Jensen (1962) 
Jensen (1962) 
Jensen (1962) 
Casselman (1959) 
Jensen (1962) 
Jensen (1962) 
Martin and Ortiz (1967) 
Jensen (1962) 
Mazia et al. (1953) 
Deitch (1955) 
Gomori (1952) 
Jensen (1962) 
*Techniques outlined in Appendix B, Charts 4-8. 
**These tests were made on fresh frozen tissue sectioned on an 
International model CTI cryostat. 
Protein extraction 
Entire dormant and non-dormant seeds were placed under germination 
conditions for 0, 3, 6, 12 and 24 hours at 20 C. Caryopses were removed; 
their embryos were excised, macerated and stored in 80 percent ethanol at 
4 C. The ninhydrin color reaction was used to determine total a-amino 
nitrogen per embryo (Stewart and Beevers, 1957). Each germination time 
was run in duplicate. Absorption at 570 my was determined on a Beckman 
DB-G Spectrophotometer. Details of this technique are in Appendix B, 
Chart 9. 
Lipid extraction 
Dormant and non-dormant seeds were germinated for 12, 50, 96, 120, 
144 and 216 hours at 20 C. Seeds were ground and lipids extracted by 
petroleum ether in a Soxhlet apparatus for 9-14 hours (details in Appendix 
B, Chart 10). The difference in the weight of the boiling flask before 
and after the extraction period equalled the total weight of the lipids in 
each sample. The average amount of lipid per seed was then determined by 
dividing the total amount extracted by the number of seeds. 
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OBSERVATIONS AND RESULTS 
Caryopsis Anatomy 
Introduction 
This section describes the anatomy of dormant and non-dormant 
Setaria luteseens caryopses and various aspects of their fine structure. 
It was hoped that some difference might be discovered by a comparative 
study of embryo parts and organelles. The size, shape and distribution 
of organelles was so variable within populations of both dormant and non-
dormant caryopses, however, that no morphological basis of comparison 
could be established. Because of this it was concluded that there are no 
significant structural differences between dormant and non-dormant 
caryopses. 
The caryopsis is composed of the embryo axis, scutellum, endosperm, 
aleurone layer, placental pad, and caryopsis coat (Figure 1). A 
description of these follows. 
Embryo axis 
Coleoptile This is a flattened cone which completely surrounds 
the embryonic leaves and shoot apex (Figures 2,3). A thick cuticle covers 
the outer epidermis, especially at the tip (Figures 3,4). Cells at the 
coleoptile tip are elongate and tapered, with the uppermost shaped rather 
like the keystone of a stone arch (Figure 4). The coleoptile bundles in 
dry caryopses consist of procambial initials (Figures 5,8) which have 
rather thick cell walls traversed by many plasmadesmata, and abundant 
lipids and protein bodies (Figures 5-7). A sheath of parenchyma cells 
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surrounds these procambial strands (Figures 5,6). The coleoptile is 5-7 
cells thick in the region of the bundles and 3-4 cells thick elsewhere 
(Figure 9). 
Shoot tip The lateral margins of the embryonic leaves overlap 
(Figure 9), which is characteristic of panicoid grasses. Four to five 
leaves surround the apex in this manner (Figures 1,10) and extend into 
the coleoptile, occupying all available space (Figure 11). The apex is 
a short blunt cone (Figures 10,12). 
Mesocotyl Subtending the shoot tip is an undifferentiated zone 
of compacted intemodes and meristematic initials (Figure 12) . The 
mesocotyl extends downward to the radicle (Figure 13). Vascular traces 
to the embryonic leaves originate in this region and the coleoptile trace 
also branches at right angles from this area (Figures 10,12). The 
procambial vascular cylinder of the embryo axis extends downward through 
the mesocotyl to the radicle (Figures 13,14). A cortical region 5-7 
cells thick surrounds the stele. At the transition zone, a single large 
trace branches laterally into the scutellum (Figure 14). 
Radicle The procambial vascular cylinder of the radicle (Figures 
15,16) has a central cell file made up of large immature metaxylem vessel 
elements (Figures 17,18). An endodermal layer and a pericycle are just 
discernible (Figures 16,18). The cortical cells are arranged in regular 
rows around the vascular cylinder (Figure 18). The cortical cells next 
to the epidermis appear spherical and dark in plastic sections post-fixed 
with osmium (Figure 16). The epidermis is a cylinder of short but 
elongate cells which appear quite uniform in cross section (Figures 15,16, 
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18). Surrounding the radicle is a thick layer (Figure 18), which reacts 
positively when treated with PAS (Figure 19). This may be a mucilaginous 
cell wall similar to that reported in the radicle of wheat (Hayward, 
1938). 
In dry seeds, the cells of the radicle are filled with lipid and 
protein storage bodies (Figures 20,21). A large interphase nucleus can be 
observed, but organelles not involved in storage are seemingly not 
present. Endoplasmic reticulum (ER) and ribosomes, indicative of 
synthetic activity, are also lacking. A description of some of the rapid 
changes in the cells of the radicle during germination will be described 
later. 
The subapical initials of the radicle form the root cap and the 
primary meristems (Figure 22). The root cap is a flattened cone 6-9 cells 
thick in its center (Figure 22). Its cells form regular columns which 
taper toward the margins of the cap. The root cap is not clearly 
separated from the coleorhiza. 
Coleorhiza The coleorhiza is also a flattened hollow cone. On 
the side nearest the scutellum it extends to the level of the subapical 
meristem of the radicle. On the opposite side it extends, as a thin 
sheet 4-5 cells thick, to the top of the radicle (Figures 1,2). The 
epidermal cells of the lower portion of the coleorhiza, excluding those 
surrounding the radicle, are short and irregularly columnar and stain 
darker than those of the remaining cells. These are trichoblasts, which 
develop into hairs soon after coleorhiza emergence during germination 
(Figure 23). A cementing substance causes the outer epidermis of the 
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coleorhiza and the other embryo parts to adhere to the aleurone layer 
{Figure 24). 
Scutellum The proximal end of the scutellum curves slightly 
around the tip of the coleorhiza (Figure 25). Epidermal cells next to 
the endosperm comprise the scutellar epithelium, which is modified for 
enzyme secretion and absorption of soluble food (Figures 26,27). 
Scutellum cells are packed with lipid reserves and protein bodies (Figures 
26-30), and they also contain a small complement of other organelles, e.g. 
plastids (some containing starch) and mitochondria (Figure 31). In 
KMnO^ -fixed material, endoplasmic reticulum can be observed (Figure 32). 
The scutellum cells shown in Figures 30-32 were taken from caryopses 
soaked for 2 hours prior to fixation; therefore, the cytoplasm may not 
be representative of the dry condition. 
A thick, partly differentiated, vascular bundle branches from the 
mesocotyl and travels up the scutellum, ending near the tip (Figures 29, 
33,34). In paraffin sections, some cells of the bundle have contents 
which stain intensely with safranin and appear similar to the small slime 
plugs found in mature sieve tube members of many plants (Figures 33,34). 
At the fine structural level these cells have been observed to contain an 
elongated nucleus (Figure 37) and an organelle complement quite different 
from the storage cells which surround them. Polysomes, rough ER, and 
numerous mitochondria are present, indicating vigorous activity after 24 
hours germination. The end walls contain structures similar to callose 
deposits on sieve plates (Figure 38). 
No small lateral bundles could be seen in cross sections of the 
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scutellum (Figure 35). The scutellum tapers to a point (Figure 36). 
Epidermal cells of the scutellum are slightly elongate and flattened, not 
at all similar to those next to the endosperm. 
Endosperm 
Large irregularly-shaped cells make up most of the endosperm, 
although the outer cells are smaller (Figure 39). Endosperm cells in the 
interior contain mostly starch (Figure 40), while those toward the 
periphery contain mostly protein (Figure 41) and tend to be flattened 
next to the aleurone layer. Starch granules in this layer are distributed 
mostly toward the inner cell wall (Figure 42). 
Starch granules The average diameter of mature starch granules is 
5-10 ym. Fissures in mature granules cause a disruption of the starch 
molecule pattern. Under bright field optics the fissure pattern appears 
as a crystalline deposit within the starch granule (Figure 43). Because 
of molecular disruption, the fissure also appears crystalline under 
polarized light (Figure 44). With phase microscopy (Figures 45,46) and 
Nomarski interference optics (Figures 47,48), however, the true appearance 
of the fissure can be observed. 
The possibility of the fissure being a type of calcium crystal was 
eliminated because sulfuric acid-treated sections did not form needle 
shaped calcium sulfate crystals and no calcium-metal crystals formed 
during the metal substitution test of Casselman (1959). In order to 
further eliminate the possibility of calcium crystals, caryopsis sections 
were Incinerated at 600 C. This removes all carbon components from the 
tissues and leaves behind only compounds not combustible at that 
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temperature. Microscopic examination of incinerated preparations under 
dark field illumination revealed no metallic crystalline deposits in 
either dormant (Figures 49,50) or non-dormant (Figures 51,52) caryopses, 
A uniform bright line was observed in the caryopsis coat, however, 
which corresponds to the seed coat layer which appears to contain silica 
bodies (Figure 83). 
Starch granule counts from smear preparations of whole seeds revealed 
that the number of starch fissures was approximately equal in dormant and 
non-dormant seeds. 
Endosperm protein bodies The concentration of endosperm protein 
bodies per cell is greatest toward the periphery (Figure 53), decreasing 
in the interior cells (Figure 54). The total amount of protein in each 
cell, however, may be approximately equal, because the interior cells are 
larger than those near the outside (Figure 39). 
Each protein body is roughly spherical and 1-2 ym in diameter. Some 
bodies are lobed and others appear to aggregate (Figure 54). A subtle 
internal structure became apparent in protein bodies stained with lead 
citrate. The central portion of such bodies cut in median section were 
composed of alternating light and dark concentric rings (Figure 55). In 
some cases a dense central core was observed. Protein bodies in other 
preparations showed a different internal structure, but the concentric 
ring pattern was still apparent (Figure 56). Sections which were observed 
without staining showed this internal pattern only vaguely (Figures 61,62). 
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Aleurone layer 
The aleurone layer is uniseriate and completely surrounds the 
endosperm (Figure 57) and embryo (Figure 58). A single periclinal 
division may take place occasionally in isolated cells, forming local 
areas with 2 cell layers (Figure 57). Morphologically, the aleurone 
layer is the outermost layer of the endosperm. Each cell is tabular in 
shape, somewhat rectangular in surface view, and varies from 25-50 ym in 
length (Figures 57-60). A thick cellulose wall encloses each cell; at 
high magnification the wall appears to be layered (Figures 61,62). 
The internal structures of aleurone cells are somewhat different from 
those of the remaining endosperm. In the dry caryopsis, aleurone cells 
are packed with lipid and protein reserves (Figures 60-62). At the light 
microscope level, protein bodies stain deep red with safranin whereas 
lipid bodies are dark gray (Figure 60). The lipid bodies are somewhat 
irregular in shape and may be better interpreted as fat bodies rather 
than spherosomes, at least in dry seeds (Figures 61,62). Protein bodies 
in dry seeds are somewhat crystalline and therefore tend to shatter and 
become distorted in thin sections. In Figures 61 and 62 the protein bodies 
appear as irregular holes or as dense gray spheres. Occasionally, 
globoid inclusions were seen (Fig. 61), but their occurrence could not be 
generally affirmed. The matrix of the aleurone cells appears as a gray 
network intermeshing between storage materials (Figures 61,62). In all 
instances observed, these features were similar in dormant and non-dormant 
aleurone cells. 
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Transfer aleurone cells 
During the ontogeny of the caryopsis, a single placental vascular 
bundle supplies the ovule (Figure 63). This bundle enters the ovule in a 
proximal position on the bottom surface of the developing caryopsis. 
Later, when the caryopsis matures, a thick, dark, oval pad remains in the 
position occupied by the placental bundle (Figure 166). In longitudinal 
section this appears as an elongated multi-layered placental pad (Figure 
64). 
The aleurone layer is continuous around the entire caryopsis. 
Adjacent to the placental pad, however, the aleurone cells are strikingly 
different in appearance. I have designated them as "transfer aleurone 
cells" (Rost, 1970; Rost and Lersten, 1970). They are characterized by 
having irregularly thickened outer radial and outer tangential walls 
(Figure 65) with Ingrowths which extend into the cell protoplasm (Figure 
66) . The cell wall ingrowths are quite obvious (Figure 67). This wall 
is neither a typical primary wall nor a secondary wall. The ingrowths 
form a labryinth (Figure 68); the plasmalemma follows the contours of the 
ingrowths, thereby significantly increasing the membrane surface area of 
each cell. Internally, the wall has a porous sponge-like appearance. In 
some places, the wall material at the outer portions of the ingrowths are 
quite uniform in texture (Figure 68). Wall ingrowths sometimes are very 
deeply lobed and convoluted (Figures 69,70). 
The inner radial and inner tangential portion of the wall lacks 
ingrowths (Figures 65,71) and a middle lamella and typical appearing 
primary wall is apparent. A glancing section through the transfer 
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aleurone cells shows their variably thickened walls at different levels 
(Figure 72). 
These cells appear to be quite similar to the "transfer cells" 
(Gunning and Pate, 1969) that commonly occur adjacent to sieve tube 
members or tracheary elements in minor vascular bundles in leaves. Wall 
ingrowths in these cells reportedly assist in short distance transport of 
solutes by increasing the membrane surface area. The position of the 
transfer aleurone cells next to the placental bundle reinforces this 
conclusion. The porous appearance of the wall, however, suggests in 
addition that it may enhance absorption similar to a sponge. 
To investigate this, seeds were soaked in a solution of acridine 
orange for 24 hours. Caryopses were removed, sectioned at 15 ym on a 
cryostat and observed under fluorescent light. Transfer aleurone cell 
walls absorbed a great deal of stain, indicating their absorptive 
potential (Figure 73) . 
Placental pad 
When the caryopsis is removed from the floret, a circular lip of 
tissue remains, indicating the point of attachment. In longitudinal 
section, this tissue appears as a loose mass of cells comprising the 
remnants of the placental vascular bundle and the receptacle (Figures 63, 
64,74). A cluster of tracheary elements leads into the crushed placental 
pad (Figure 75). Immediately beneath the tracheary elements a thick 
layer of dark, dense, suberized cells occurs (Figure 74). These cells 
may be of vascular origin, and seem to correspond to the "closing tissue" 
described by Harrington and Crocker (1923). 
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At the fine-structure level the placental pad showed a complex of 
many layers formed from crushed cells in various stages of degradation 
(Figures 76,77). The outer 10-15 layers of crushed parenchyma cells are 
the remnants of the ovary tissue outside the placental bundle (Figures 63, 
76). Abutting on these are 5-6 cell layers representing the remains of 
the placental bundle and the pericarp (Figures 76,77). These cells 
contain a dense material which blackens the placental pad when observed 
externally. Nuclei and various organelles in a degraded state were 
observed in the cells (Figure 78). The membranes of these cells appeared 
white instead of dark as in normal cells. 
Interior to this region are several more layers which correspond to 
the ovary parenchyma tissues inside the placental bundle (Figures 76,77). 
Nucellar tissue may also account for some of these inner crushed layers. 
The seed coat is not present in the pad, because the integuments do not 
surround the region where the caryopsis connects to the floret. 
The transfer aleurone cells rest immediately adjacent to the last 
layer of pad cells (Figure 77). During the development of the seed, in a 
non-crushed condition, the loose arrangement of the pad cells and the 
presence of a large number of pits would allow for relatively unimpeded 
flow of water and solutes into the transfer aleurone cells. 
Caryopsis coat 
Several layers of cells from the parent plant surround the developing 
caryopsis: nucellus, integuments and pericarp (Figure 79). Expansion of 
the caryopsis causes these cells to become crushed, thereby forming the 
complex caryopsis coat. 
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The outside of the caryopsis is shiny and oily to the touch, which 
when seen in section is a gossarner-like film (Figures 83,85). This layer 
is analogous to the cuticle. The epidermis of the pericarp forms the 
first distinct cell layer. These cells usually contain cellular contents 
in various stages of degradation (Figure 83); this dark material gives 
the coat a speckled appearance (Figures 165,166). Parenchyma cells from 
the ovary (pericarp) sometimes form an additional layer of crushed walls 
immediately beneath the pericarp. Cross cells are orientated transverse 
to the long axis of the caryopsis, while tube cells lie parallel to the 
long axis (Figures 81,83-89). The tube cells sometimes contained dense, 
granular material similar to that which remained in the pericarp epidermis. 
Curious ringed spherical bodies and small vesicles were observed in these 
cells (Figure 85) . 
The integuments are completely crushed and form two thin dark layers 
(Figures 83,85,87). This seed coat was observed to twist and overlap 
itself in some places (Figure 83). The seed coat appears to contain an 
accumulation of silica bodies similar to those of stinging cells of 
Urtica (Thurston, 1969). Under dark field microscopy, after incineration, 
the seed coat formed a bright thin line as would be expected if silica 
was present. Nucellar parenchyma cells were completely crushed and 
absorbed, forming the inncirmost layer of the caryopsis coat (Figure 83). 
In some places the caryopsis coat is quite thin, due to greater 
compression of the pericarp layers (Figure 86). Occasionally, it becomes 
thickened by the irregular crushing of the pericarp and by overlapping of 
cross cells (Figure 87). 
46 
At the distal tip of the caryopsis, a wispy tail occurs as a remnant 
of the style (Figure 82). The inner layers of the caryopsis coat are 
continuous under the point of connection of this tissue. The style 
remnant drys and falls off in most caryopses. 
The thickness of the coat on a single caryopsis could vary from 3-10 
ym. In all cases, no distinct differences existed between the structure 
of the coat in dormant and non-dormant caryopses (Figures 88,89). 
Anatomy discussion 
The variability among the structures examined within a seed population 
was so great that significant comparison of a dormant population to a non-
dormant population was impossible. Size, shape and distribution of 
organelles and caryopsis parts are genetically determined during seed 
development. Both dormant and non-dormant members of the same species 
would presumably be under the same control. 
Factors controlling dormancy would affect tissues only after their 
developmental pattern was established and their morphological form 
completed. Therefore, it is my conclusion that there are no anatomical 
differences between dormant and non-dormant caryopses of lutescens. 
Germination: Fine Structure 
The coleorhiza and radicle are the first embryo organs to react 
during germination. The objective of this portion of the investigation 
was to follow their fine-structural changes. Emphasis was placed on the 
degradation of food storage organelles and on the comparative behavior of 
dormant and non-dormant caryopses subjected to identical germination 
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conditions. 
The appearance of cells in the radicle and coleorhiza drastically 
changes during germination, especially with regard to lipid and protein 
reserves, which dwindle rapidly. In the coleorhiza the plethora of stored 
material diminishes quickly as the cells become vacuolate and die. 
Radicle 
All the cells of the radicle stain for protein (Figures 152-155). 
Cells in the cortex and epidermis (Figures 90-92), however, contain an 
abundance of protein bodies while those of the vascular cylinder do not 
(Figures 91-93). The stages of protein body degradation will be discussed 
presently, but it must be noted that even in the dry seed some of the 
protein bodies have already started to break down. Processes of 
degradation and synthesis are apparently simultaneous and continuous 
throughout the life-cycle of the caryopsis. Proplastids and mitochondria 
are also present in radicle cells (Figures 90,93). 
After less than 24 hours of germination the number of lipid bodies 
has decreased. Protein body content also decreases rapidly, and the 
vacuoles produced tend to aggregate (Figure 94). Between 48-60 hours 
quantities of small vesicles and distended lamellar structures appear in 
the cytoplasm accompanying protein and lipid digestion (Figures 95,96). 
By 90 hours of germination, the radicle has emerged and elongated. The 
coleoptile has also emerged and photosynthesis has begun. 
As the seedling becomes self-sufficient, the type of storage material 
changes. Lipid bodies by this time are almost completely absent from the 
radicle cells; what little remains is now in the form of small uniform 
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spherosomes which are infrequent and widely scattered throughout the 
cells (Figures 97-100). Mitochondria are abundant and proplastids now 
have differentiated to form leucoplasts (Figure 97). Much of the carbon 
content formerly contained in lipid bodies has been converted to starch. 
Glyoxysomes, essential for this conversion, were not observed to be as 
abundant as would be expected (Figure 96). Protein bodies in the cells 
of the cortex are still numerous after 90 hours, but they are actively 
being digested. Rough endoplasmic reticulum, by this time, is quite 
prevalent. Dictyosomes are numerous, and the cells are spattered with 
small vesicles of various sizes (Figures 99,100). Polysomes are present 
in large numbers (Figure 101). Along the plasmalemma many microtubules 
can be seen in cross section; these are apparently orientated parallel 
to the cell wall (Figure 97). In a diagonal section the microtubules can 
be seen clearly (Figure 101). 
Coleorhiza 
Food reserves in the coleorhiza are depleted much faster than those 
of the radicle. After less than 24 hours of germination, the cells of 
the coleorhiza are almost devoid of storage material. No large, dense 
protein bodies are seen; most are degraded to the state of small isolated 
packets of protein along the margins of large vacuoles. These vacuoles 
aggregate until they occupy most of the volume of each cell (Figure 102). 
Rough endoplasmic reticulum and polysomes form earlier than in the 
radicle (Figures 102-106). 
Lipid bodies disappear rapidly, and seem to have a regular degrada­
tion pattern. In the dehydrated state, lipid bodies have a smooth margin. 
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By 24 hours, the lipid bodies of the coleorhiza are pitted and seem to 
be reduced in size (Figures 104-106). This same image was also observed 
at times in radicle cells (Figure 97). Accompanying lipid degradation 
is a build-up of starch within large leucoplasts (Figures 104-105). 
Glyoxysomes necessary for this conversion are rather abundant in the 
coleorhiza (Figures 104-106). 
Protein body digestion 
The irregularly spherical protein bodies are membrane bound and 
contain a somewhat uniform grainy matrix (Figures 107-109). Digestion of 
the protein bodies is initiated by the formation of peripheral invagina­
tions (Figures 107-109). Peripheral digestion may start only at one spot, 
but is usually initiated in many places at once. During digestion, 
numerous vesicles appear adjacent to the digested area (Figures 107-111). 
These vesicles occasionally fill the empty area of the digested body 
(Figure 99). Digestion continues until the entire protein body is empty 
except for small accumulations (Figures 110,111). After complete diges­
tion, an empty vacuole is all that remains (Figure 112). These vacuoles 
tend to aggregate to form larger vacuoles which will occupy most of the 
cell area. 
Changes in dormant tissues 
Protein bodies in radicle cells from dormant caryopses undergo 
digestion similar to those in germinating non-dormant caryopses. Diges­
tion is initiated by marginal invagination and ends with a vacuole devoid 
of protein. Small vesicles also form in apparently the same manner as in 
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non-dormant tissues (Figures 113,114). The distribution of proteins 
within dormant cells of the radicle is similar to that of non-dormant 
cells (Figures 115,116). 
A striking difference, however, did occur between the dormant and 
non-dormant tissues. In non-dormant tissues both protein and lipid 
reserves were digested as 'termination proceeded. Dormant cells also 
exhibited protein digestion, but contrary to non-dormant cells, their 
lipid reserves did not breakdown (Figures 113-116). Cells of the aleurone 
layer and scutellum also exhibited this same phenomena (Figures 118,119). 
In cells of the radicle, glyoxysomes were occasionally observed, and 
leucoplasts were formed indicating the possible digestion and transforma­
tion of small quantities of lipids (Figure 117). The occurrence of 
endoplasmic reticulum, polysomes and an abundance of mitochondria was 
not seen at any time in dormant tissues subjected to germination condi­
tions. 
Histochemical Observations 
Several histochemical tests were carried out on dormant and non-
dormant caryopses in a search for possible chemical differences. Dry 
caryopses were used to insure that no metabolic activity was stimulated 
by hydration. Germinating caryopses were also stained for various 
components because differences might be detected during early stages of 
hydration. 
The staining tests used were for total carbohydrates, lipids, pro­
teins , nucleic acids and various enzymes. Acid phosphatase and catalase 
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activity were reacted for histochemically at the EM level. 
While this study was underway, information from another source 
(Kollman, 1970) suggested that abscisic acid (ABA) was the probable cause 
of dormancy. The action of ABA apparently concerns the inhibition of 
nucleic acid synthesis. With this knowledge, the object of the histo-
chemical search became narrowed to discovering possible differences in 
protein and nucleic acid content between dormant and non-dormant 
caryopses. 
Carbohydrates 
The periodic acid-Schiff reaction (PAS) coupled with a-amylase 
extraction was used to determine total carbohydrate content. The endo­
sperm of both non-dormant and dormant caryopses contains mostly starch 
(Figures 120,124). The concentration of starch was greatest in the 
internal endosperm cells and decreased per cell toward the periphery. 
Starch granules were found throughout the cells of the scutellum and 
embryo axis, but they were particularly numerous in the coleorhiza, 
coleoptile and cortical tissues of the radicle and mesocotyl (Figures 
120,121,124,125). No starch occurred in the aleurone layer. The 
distribution of starch was approximately the same in both dormant and 
non-dormant caryopses. The a-amylase extraction control completely 
removed all starch (Figures 122,123,126,127). 
The cell walls of the entire caryopsis reacted positively with PAS. 
The caryopsis coat, placental pad (except central layers. Figures 121, 
123) and cuticles of the coleoptile and coleorhiza stained particularly 
intensely. These areas all contained dense crushed or compacted 
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carbohydrate materials (Figures 120-127). In all respects dormant and 
non-dormant caryopses were the same. 
Lipids 
Neutral fat content was stained with Sudan III and IV. In dry 
caryopses, the lipid reserves were located in all cells of the embryo and 
appeared to be heterogeneous in size and shape, which is generally 
characteristic of fat reserves (Sorokin, 1967). With Sudan IV, the 
periphery of the lipid bodies were conspicuously stained (Figures 128-
130). In sections stained after ether/ethanol extraction, the outline of 
the lipid bodies was still visible, but there were fewer bodies in each 
cell (Figures 129,131). 
Phospholipids were stained for with Nile Blue; a pyrimidine extrac­
tion control was used. Unfortunately, the interference from other 
components also staining positively with Nile Blue rendered this test 
ineffective. 
Osmium tetroxide was used as a post-fixative for electron microscopy. 
Lipid bodies characteristically stain dense gray to black when treated 
with osmium. 
During germination non-dormant caryopses digested their lipids, while 
dormant caryopses did not. Lipid extraction tests and electron micrograph 
observations both supported this expected observation. The control of 
dormancy may, therefore, in some way be related to lipid metabolism. 
52 
Acid phosphatase 
This enzyme is concerned with metabolism of protein bodies of the 
embryo. Protein bodies of the embryo axis, scutellum and aleurone layer 
stained deeply for acid phosphatase (Figures 132-137). The periphery 
of each protein body stained most intensely (Figures 132,135). The 
protein bodies of the endosperm did not react for acid phosphatase 
(Figures 134,137). The test used involves a lead reaction with the 
enzyme, which is concerned with phytin (a phosphate storage molecule) 
metabolism. It can be concluded, although supported only by indirect 
evidence, that endosperm protein bodies do not contain any phytin or 
phosphate. A modification of the Gomori lead technique for EM observa­
tion for acid phosphatase was not successful. 
Catalase 
Tissues incubated in a mixture of 3,3'-diamino benzidine and HgOg 
and post-fixed in osmium tetroxide yielded a dark reaction product in 
the presence of the enzyme catalase. In germinating seed tissues which 
contain large quantities of lipid reserves, this enzyme is found in 
organelles called glyoxysomes. The embryos of Setaria lutescens contain 
an abundance of lipids, so it was reasonable to expect glyoxysomes to 
occur. Dry seeds were tested, in order to test their activity without 
hydration. 
Vigil (1970) reported that glyoxysomes are not completely activated 
until after germination is initiated in castor bean endosperm. In the 
dry caryopses tested, no nicely stained typical glyoxysomes were detected. 
Some reaction product, in bodies compressed between lipid bodies, however. 
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was observed (Figures 138,139). These are interpreted as glyoxysomes in 
the process of becoming activated. The appearance of the reaction product 
is similar to that mentioned by Vigil (1970). Both dormant and non-
dormant embryos contained these bodies. 
Nucleic acids 
During germination, increased protein needs would require increased 
nucleic acid synthesis. Since abscisic acid inhibits this process, it 
was natural to attempt to determine the differences in nucleic acid 
content. DNAase and RNAase extractions were used with three different 
nucleic acid stains - acridine orange, pyronin Y/methyl green and azure B. 
Acridine orange preparations during germination were unsuccessful, 
because the fluorescence from the stain absorbed in the cell walls masked 
that from the cytoplasm. Pyronin Y/methyl green staining showed high 
nucleic acid activity in the procambial region of the embryo, but was not 
a completely successful method. 
Azure B staining was most satisfactory but was not completely reli­
able. Certain differences in staining intensity were observed in dupli­
cate preparations. In dormant caryopses during 12-72 hours under 
germination conditions the intensity level of azure B - stained nucleic 
acid remained constant in the cells in and around the radicle (Figures 
140-143). This indicates a constant level of activity with no increases 
paralleling hydration. The cells of the procambial tissue stained more 
intensely than any other cells in the radicle (Figure 143). 
In the radicle and proximal embryo parts from non-dormant caryopses 
during 12-72 hours germination a gradual increase in nucleic acid staining 
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intensity was observed (Figures 144-147). At 12 hours the comparative 
levels of staining between dormant and non-dormant embryos was 
approximately equal (Figures 140,144). After that time the level of 
activity in non-dormant germinating embryos steadily increased. At 48 
hours, when the radicle is just starting to elongate, nucleic acid 
activity was still highest in the procambial cells, but also showed 
higher activity in all other cells of the radicle (Figure 146). This 
apparent increase probably indicates preparation for cell division. At 
72 hours the greatest activity was observed. The cells of the radicle 
were elongate and highly vacuolate; the cytoplasmic strands and regions 
near cell walls stained intensely for RNA (Figure 147). 
The level of nucleic acid activity seems to remain constant in 
embryos from dormant caryopses subjected to germination conditions. An 
Increase in the activity of nucleic acids was observed in embryos which 
were germinating. 
Proteins 
The concentration of total proteins were similar in the embryos from 
dry dormant and non-dormant caryopses. All embryo cells stained densely 
with mercuric bromphenol blue (Figures 148,149). Controls treated with 
pepsin did not stain. The cytoplasm of embryo cells stained, but protein 
bodies within cells stained darkest. In the endosperm, cell protein 
bodies stained deep blue. The concentration of protein was greatest 
around the periphery just under the aleurone layer (Figures 150,151). In 
the dry condition dormant and non-dormant caryopses were the same. 
Caryopses were subjected to germination conditions and stained for 
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proteins. In the radicle and surrounding tissues in dormant caryopses, 
proteins were abundant and stained deeply. There was no apparent change 
in the protein content during 12-72 hours under germination conditions 
(Figures 152-155). 
In embryos from non-dormant caryopses the staining intensity of the 
radicle and coleorhiza appears to remain constant until approximately 48 
hours (Figures 156-158), the overall protein content of the embryo did 
decrease during the early stage of germination, however (Graph 1). Up to 
this time dormant and non-dormant cells appear quite similar. After 48 
hours the cells of the germinating radicle and coleorhiza appear quite 
depleted of protein (Figure 159). Radicle cells at this time are quite 
elongated; the concentration of proteins would probably appear decreased 
in any case because it is distributed over a greater area. Curiously, 
the cells of the root cap and the epidermis of the coleorhiza in both 
dormant and non-dormant caryopses do not stain intensely for proteins. 
Germination physiology 
Electron micrographs of cells from dormant and non-dormant caryopaes 
subjected to favorable germination conditions revealed certain differences 
(Figures 90-119). In non-dormant embryos, lipid bodies became less 
numerous as germination proceeded; by 90 hours of germination, cells of 
the developing radicle contained few lipid bodies. The cells of dormant 
embryos, howeve.", retained their lipid components throughout the same 
period of time. 
Protein bodies were also present in both dormant and non-dormant 
caryopses. Contrary to the behavior of lipid bodies, protein bodies in 
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the embryos of both dormant and non-dormant caryopses did break down. 
In order to quantitatively support the morphological evidence, lipid and 
protein extractions were performed. 
Protein extractions Alpha-amino nitrogen content of amino acids 
was determined as an indicatirn of total protein content. Extractions 
were made from both dormant and non-dormant embryos during the first 24 
hours subjected to germination conditions (Graph 1). 
The a-amino nitrogen content in dormant embryos decreased 1 ygm/ 
embryo during the first 6 hours. Non-dormant embryos decreased 1.5 ygm/ 
embryo during the same time period. Nitrogen content leveled off after 
6 hours and gradually increased to 24 hours. The amount of increase in 
non-dormant embryos was higher than for dormant embryos. 
The soluble nitrogen level (Graph 2) remained approximately constant 
in dormant embryos throughout the first 24 hours of germination. In the 
non-dormant embryos, soluble nitrogen steadily increased from 0.2 ygm/ 
embryo to 0.26 ygm/embryo during the same time period. The increase in 
soluble nitrogen content, however, was not proportional to the decrease 
in insoluble nitrogen content in both dormant and non-dormant embryos. 
This apparent inconsistency indicates that nitrogen from degraded proteins 
is being used for purposes other than the formation of a soluble amino 
acid pool. 
The significance of this data is that storage protein in both 
dormant and non-dormant embryos is being digested. The mechanism for 
protein digestion is therefore present in dormant seeds even though their 
embryos will not germinate. The enzymes and energy necessary for this 
57 
activity seem to be already present and merely requiring hydration to be 
activated. 
Lipid extraction The total amount of lipid in both dormant and 
non-dormant entire seeds was determined by extraction during 216 hours 
under germination conditions (Graph 3). Lipid content made up 6-8 percent 
of the total weight per seed. The dr>' weight per seed was also deter­
mined during that time. Changes in dry weight paralleled the changes in 
lipid content (Graph 4). 
The total amount of lipid per dormant seed did not change throughout 
the period tested. An analysis of variance to determine if the data from 
the first 120 hours fitted a regression line did not yield a significant 
F value (Freese, 1967). This indicated that lipid content was not 
dependent upon hours of germination. Lipid content in non-dormant seeds 
decreased by approximately 1/3 during the first 120 hours of germination, 
followed by a gradual increase after leaf emergence and the initiation of 
photosynthesis. An analysis of variance indicated that the data fitted a 
negative regression line; that is, the lipid decrease was dependent upon 
hours of germination during the first 5 days. 
External Morphology 
Spikelets average 2.5mm long by 2.0mm wide, each containing one 
floret. The floret in fruit contains a caryopsis covered by a lemma and 
palea. Two glumes cover the palea, one extending 1/4 the length of the 
floret, the other its entire length. A third glume extends about 1/2 the 
length of the lemma (Figures 160,161). The smallest glume has three 
Graph 1. This graph shows the changes in total protein during the 
first 24 hours of germination based on a-amino acid content. 
The amount decreased in excised embryos from both dormant 
and non-dormant caryopses during the first 6 hours under 
germination conditions 
Graph 2. Soluble amino acid content in embryos excised from dormant 
caryopses remained constant during the period measured. The 
level increased in non-dormant embryos 
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vascular bundles, the others have five. Near the end of each glume, the 
bundles join together, forming an umbo-like point (Figure 160). 
The palea and lemma are both deeply sculptured in an irregular 
pattern across the long axis of the floret. The lemma is convex, with a 
lid-like structure near its proximal end (arrow Figure 162). The lemma 
curves snugly around the edges of the palea to form a tight seal. The 
palea is concave externally except for a portion immediately beneath the 
lid of the lemma (arrow in Figure 163). The convex portion of the palea 
and lid of the lemma are adjacent to the coleorhiza. Two filmy lateral 
sheaths surround and almost entirely enclose the caryopsis (Figure 164). 
The caryopsis is cradled within the palea, and the lemma tightly embraces 
the palea. These three structures together form the dispersal unit. 
The caryopsis has a flat bottom surface and a convex upper surface. 
In top view the caryopsis forms an irregular oval with a slight rounded 
point at the distal end and a rounded protrusion, the coleorhiza, at the 
proximal end (Figure 165). The length of the caryopsis is about 1.5 mm. 
The embryo lies on the upper surface diagonally downward, with the embryo 
axis toward the surface and the shield-shaped scutellum between the 
embryo axis and the endosperm. The entire caryopsis is enclosed by an 
oily, shiny caryopsis coat. Near the proximal end of the flat bottom 
surface is a black oval structure called the placental pad (Figure 166). 
The placental pad is the remnant of the placental vascular bundle which 
supplied the embryo and endosperm during development. The placental 
bundle is independent of the two lateral bundles and the dorsal bundle, 
which also supplied the carpel. Next to the placental bundle and beneath 
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the coleorhiza tip is a small circular lip which connected the caryopsis 
to the palea (Figure 166). In some instances the lip breaks off while 
removing the caryopsis from the floret. No discernible differences 
existed in the external morphology of dormant and non-dormant seeds or 
caryopses (Figures 161-166). 
Germination: External Changes 
Coleorhiza 
Coleorhiza emergence in lutscens is similar to that of italica 
(Keys, 1949). The broad, flat coleorhiza usually emerges within 36 hours 
through a hinged, flap-like germination lid at the base of the lemma 
(Figures 167,173,174). Immediately upon emergence, the exposed portion 
of the coleorhiza becomes covered by simple trichomes that sometimes 
reach 1/2 mm in length (Figures 168,169,173-178). They probably absorb 
water during the initial period of germination. These trichomes dry up 
after the radicle elongates (Figure 179). 
Radicle 
The radicle is the second organ to emerge during germination. 
Emergence occurs usually within 48 hours, during which time cell elonga­
tion is sufficient to push the radicle through the bottom surface of the 
coleorhiza (Figures 168,175-178). Root hairs form almost immediately on 
the emerging radicle. Elongation Is quite rapid, up to several cm during 
the first day after emergence. Under laboratory conditions, lateral roots 
do not occur as frequently or as rapidly as they most likely do In 
natural conditions. The abundance of water under experimental conditions 
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probably accounts for this. 
Coleoptile 
The coleoptile emerges last, by forcing open the distal end of the 
lemma and palea as it elongates (Figures 170-172). Because of the convex 
shape of the enclosing lemma, the coleoptile is pointing down when it 
emerges (Figure 170); it bends upward almost instantly (Figure 171). Two 
lateral vascular bundles supply the coleoptile and end at the coleoptile 
tip. These bundles somehow facilitate exudation of liquid water (Figure 
185). A slight crease occurs on the upper broad surface of the 
coleoptile (arrow. Figure 182); the first leaves break through in this 
area (Figure 172). 
Excised embryos 
Dormant and non-dormant embryos germinate equally well on soaked 
blotters. Embryos are, however, sometimes easily overgrown by fungi. The 
sequence of germination is basically the same as that of intact florets 
and caryopses. 
The coleorhiza is usually the first organ to elongate (Figure 180); 
soon after it becomes covered by a weft of epidermal trichomes (Figure 
181). Contrary to the intact caryopsis, the coleoptile in excised 
embryos generally elongates more rapidly than does the radicle (Figures 
181,182). Radicle growth is not stunted, however, and it emerges through 
the bottom of the coleorhiza, as in the intact condition (Figures 183, 
184). Root hairs form rapidly on the elongating radicle; at the same 
time the coleorhiza trichomes dry up (Figure 185). 
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Germination Tests 
Excised embryos germinated as readily on wet blotter paper as embryos 
in intact non-dormant caryopses (Figures 180-185). Furthermore, excised 
embryos from both dormant and non-dormant caryopses germinated equally 
well. 
The chemical factor thought to cause dormancy in lutescens is 
abscisic acid (ABA) (Kollman, 1970). Since excised embryos readily 
germinate, the source of ABA is probably not the embryo itself. The 
endosperm, lemma, palea and caryopsis coat, separately or collectively, 
are probably the source of the inhibitor. Two experiments were conducted 
to determine the effect of ABA on excised embryos and to test the possible 
influence of the lemma, palea and caryopsis coat on germination. 
Abscisic acid test 
Sixty non-dormant embryos were excised. Two replications of ten 
embryos each were tested with two concentrations (10 and 10 ^ M) of ABA; 
a côntrol on distilled water was also tested. At the end of 10 days 100 
percent of the controls had germinated with a sum of 10 of 785. None of 
the embryos treated with ABA germinated. A slight difference in germina­
tion behavior was observed between the two ABA concentrations, however. 
All embryos swelled up and expanded enough to split the caryopsis coats, 
but embryos treated with 10 ABA initiated coleorhiza hairs (Figures 
186,187), while those treated with 10 ABA did not (Figures 188,189). 
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Effect of cyclohexlmide on germination 
Cell elongation can be completely Inhibited by stopping protein 
synthesis (Nooden and Thimann, 1963). Price and Ey (1969) reported 
differences in the elongation of the radicle and cotyledons of cucumber 
seeds when germination was Interrupted with different concentrations of 
protein synthesis inhibitors. 
In this experiment, the effect of cyclohexlmide (an Inhibitor of 
the translation phase of protein synthesis) on germination was Investi-
-3 -4 -5 gated. Blotter papers were soaked with 10 , 10 and 10 M concentra­
tions of cyclohexlmide. A 0 concentration control was also used. Two 
hundred seeds were tested at each concentration. Table 3 lists the 
results obtained. 
Table 3. Effect of cyclohexlmide on germination 
Cyclohexlmide Total Normal Abnormal 
concentration germination germination germination 
0 157 149 8 
o
 1 
0 0 0 
lO'^ M 124 18 106 
io"\ 151 141 10 
In order to evaluate this date, commonly used terms were re-defined. 
Abnormal germination is the condition where only the coleoptile emerges. 
Normal germination is the standard condition where the coleorhiza emerges 
first, followed by the radicle and coleoptile. Total germination includes 
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both normal and abnormal conditions. 
The control and 10 treatments exhibited a high degree of normal 
germination and a small number of abnormal germination. A concentration 
—3 —4 
of 10 M cycloheximide completely inhibited germination. At 10 M, 
however, a great proportion of the germination was abnormal. Graph 5 
shows a histogram of the ratios of abnormal to normal germination at each 
concentration. 
This experiment shows that a critical level of cycloheximide can 
inhibit germination. It also demonstrates that the level of inhibition 
for coleorhiza and coleoptile elongation is different. The coleorhiza is 
primarily a storage organ, whereas the coleoptile becomes photosynthetic 
soon after it emerges. Possibly the different role of these organs 
accounts for their different protein requirements during germination. 
Effect of covering structures on germination 
Since dormant excised embryos will germinate, but entire dormant 
seeds will not, it is logical that the inhibitor is not in the embryo. To 
determine if covering structures of the seed inhibit germination, 
caryopses with lemma and palea intact, caryopses, caryopses with caryopsis 
coat removed around the embryo and excised embryos were placed on water-
soaked blotters for ten days. Two replications of ten embryos each were 
tested. Table 4 shows the results. 
Entire seed remained dormant, while 30 percent of the caryopses 
lacking a lemma and palea germinated. The lemma and palea therefore seem 
to account for a substantial portion of the dormant condition. Nieto-
Hatem (1963) also noted that the lemma and palea contributed significantly 
Graph 5. Each column represents the ratio of abnormal to normal 
germination at different concentrations of cycloheximide. 
At 10~^ M concentration, coleorhiza growth is inhibited 
while coleoptile growth is not. At 0 and 10~^ M 
concentration, normal germination predominated, while 
at 10"%! concentration all germination was inhibited 
Abnormal : Normal Germination 
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Table 4. Germination of dormant seeds with various covering structures 
removed 
Germinating unit Germination 
(%) 
Sum of ten 
Caryopses with lemma and palea 0 0 
Caryopses only 30 205 
Caryopses with coat removed 70 515 
Excised embryos 80 505 
to dormancy in this species. The percent germination for caryopses with­
out coats was more than twice as high as the intact caryopses. There are 
several explanations for this. 1) An intact coat could physically 
prevent expansion of the embryo; the coat is quite thin and papery, how­
ever, so this is probably not significant. 2) The caryopsis coat could 
store the chemical inhibitor of germination. Removing the coat immediately 
around the embryo would obviously interfere with the direct movement of the 
inhibitor into the embryo. 3) The endosperm may be the source of inhibi­
tion, and removal of the caryopsis coat would permit leaching of the 
inhibitor from the caryopsis. The excised embryos eventually reached 80 
percent germination, so if the inhibitor is in the endosperm, its removal 
could account for this high germination percentage. The anatomy of the 
caryopsis coat also provides a clue to its role. It contains partially 
degraded cells which are a potential source of germination inhibitors. 
Further, due to crushing during the formation of this coat, physical 
71 
changes occurring in the layers may make them impermeable. An examina­
tion of the fine structure of the caryopsis coat did not reveal any 
differences between dormant and non-dormant caryopses, however. 
72 
DISCUSSION 
Morphological Comparison 
In this investigation, a structural and histochemical comparison of 
dormant and non-dormant caryopses of Setaria lutescens was made. At the 
light microscope level, the anatomy of the embryo, endosperm and caryopsis 
coat was similar in both types of caryopses. At the EM level, the shape, 
size and distribution of organelles was similar in mature, dry caryopses. 
Organelles varied so greatly, however, that it was impossible to effec­
tively compare dormant and non-dormant cells in this respect. 
Some new structures and clarification of previously described 
structures in grasses were reported in this investigation. The endosperm 
protein bodies in lutescens contain concentric dark and light rings 
which become apparent only after staining with lead citrate. This ring 
structure is similar to that reported from endosperm protein bodies in 
rice (Mitsuda et al., 1969). The function of these rings has been 
suggested to be related to phytin accumulation (Ory and Henningsen, 1969), 
although in lutescens these protein bodies did not stain positively 
for acid phosphatase, as would be expected if phytin was present. 
The caryopsis coat consisted of 6-7 layers of cells in various stages 
of degradation. Remnants of the nucellus form the innermost layer and 
consist of only a crushed, uniform, rather dense layer. The seed coat 
usually consists of two thin dark layers originating from the integuments 
of the ovule. These layers contain small granular bodies similar to 
silica deposits. Thornton (1966a, 1966b) reported that the seed coat is 
selectively permeable and probably responsible for dormancy in the grasses 
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Agropyron elongatum and Buchloe dactyloides. Peters and Yokum (1961) and 
Peters et al. (1963) observed that the seed coat in lutescens was 
responsible for dormancy, since when it was disrupted germination 
percentage increased. Because they interpreted the seed coat as 
equivalent to the entire caryopsis coat, the seed coat is not necessarily 
related to dormancy based on their reports. 
Pericarp cells form the remaining layers of the caryopsis coat. Tube 
cells, cross cells and the outer epidermis of the ovary are all present in 
the coat as partially crushed but intact cells. Many of these cells 
contain dense granular, probably necrotic, cytoplasm. It is my opinion 
that these cells are the source of the chemical inhibitor causing 
dormancy in this species; this will be discussed more fully later. 
Transfer aleurone cells are found on the bottom proximal surface of 
the caryopsis. These cells are continuous with the aleurone layer, and 
have been suggested to function in transport of material during the 
development of the embryo and endosperm (Kiesselbach and Walker, 1952). 
These cells are modified by the occurrence of cell wall ingrowths on their 
outer radial and tangential walls (Rost and Lersten, 1970). The cell 
walls appear porous and may increase the absorptive capacity of the wall. 
Transfer aleurone cells probably have a function similar to the transfer 
cells in vascular bundles described by Gunning and Pate (1969). 
Transfer aleurone cells lie just inside the tissues of the placental 
pad. The pad consists of several layers of cells which are remnants of 
the now collapsed placental vascular bundle, and layers of the pericarp. 
The contents of these cells are quite dense and appear similar to cells 
74 
in the caryopsis coat which also originate from the parent plant. 
During germination, certain differences were observed between the 
embryos of dormant and non-dormant caryopses. In germinating embryos, 
rough endoplasmic reticulum and polysome formation occurred simultaneous­
ly with the disappearance of lipid and protein reserves and the appearance 
of glyoxysomes, leucoplasts and mitochondria. In dormant embryos, 
protein bodies were the only reserve component to be digested; polysome 
and rough ER formation did not occur. These events indicate that some 
selective hydrolytic enzymes are already present, and that the protein 
synthetic apparatus is being inhibited. If the activity of ABA is to 
inhibit mENA synthesis, then this fine-structural observation supports 
its presence. 
The pattern of protein body digestion is different from that 
reported in other seeds. As germination begins in £. lutescens, the 
protein bodies swell and form one or several pitted areas along their 
membrane margin. Inside the boundary of these pitted areas small 
vesicles occur. The vesicles can sometimes be seen within the open 
area of the pit, and also along the inside boundary of the digested 
surface of the protein body. These vesicles may be concerned with the 
controlled release of the digested products. When digestion is completed, 
only an empty vacuole remains. These vacuoles appear to increase in size 
as digestion continues; several may aggregate to form one larger vacuole. 
The lemma and palea are lateral appendages which surround the 
developing grass flower. When immature they consist of four or five cell 
layers; the inner three or four layers become stretched and crushed 
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during the expansion of the outer sillcified layer. During germination 
experiments, removing the lemma and palea from donnant florets resulted 
in an increase in germination. Nieto-Hatem (1963) also noted that the 
lemma and palea from dormant florets contributed to the dormant condi­
tion. Further, sulfuric acid scarification also increased germination 
of dormant florets (Kollman, 1970; Peters and Yokum, 1961). Acid 
treatment causes deep pitting and drastic damage to the lemma and palea. 
Leaching dormant florets in water also effectively removes dormancy by 
apparently removing a water soluble inhibitor (Kollman, 1970; Nieto-
Hatem, 1963). 
Characterization of Dormancy 
The caryopsis coat probably contributes most to the dormant condi­
tion. Scraping the coat only from around the embryo effectively 
increases germination, probably by permitting the inhibitor to leach out. 
All excised embryos from dormant caryopses will germinate, which was also 
noted by Nieto-Hatem (1963). 
Yokum, Jutras and Peters (1961) extracted a water-soluble inhibitor 
from leaves, roots and whole plants of lutescens. They inhibited 
germination in several agricultural seeds with this extract taken from 
both fresh and dried plants. The inhibitor, therefore, did not become 
inactivated after drying. 
The parent plant as a source of inhibitor has also been suggested in 
relation to leaves causing bud dormancy in some tree species (Black, 1970). 
Black also points out that in birch the same inhibitor has been identified 
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in both leaves and in dormant seeds from the same plant. Black and 
Naylor (1959) demonstrated that gibberellic acid-treated parent plants 
of Avena fatua formed non-dormant seeds, while under natural conditions 
only dormant seeds were produced. This experiment demonstrated further 
that the parent plant can contribute to seed dormancy. 
The structure of the caryopsis coat and placental pad of 2» lutescens, 
as previously described, supports the conclusion that these structures 
contribute to the dormant condition. Pericarp cells in various stages 
of degradation, with dark, granular cytoplasm, occur in the caryopsis 
coat. Some cells contained what appeared to be remnants of organelles, 
others formed curious vesicular bodies. The placental pad contained 
several cell layers in a similar condition. All of these cell layers 
are remnants of the parent plant and their cells contain necrotic 
cytoplasm which was once functional during the seed development. I 
believe that these cells contain the chemical inhibitor controlling 
dormancy in lutescens. 
A pattern of primary (innate) dormancy can be suggested for S_. 
lutescens. In the Fall of each year, premature germination of newly 
fallen seeds is inhibited by the inward leaching of ABA from the 
caryopsis coat. During the Winter months, cold temperatures coupled with 
high moisture cause chemical changes which will favor germination when 
proper conditions are restored. This over-wintering period, called 
after-ripening, can be simulated under laboratory conditions. In this 
manner, Ross and Bradbeer (1968) suggested that the after-ripening period 
caused the activation of GA synthesis in hazel seeds. Kollman (1970) 
showed that in lutescens ABA content does not decrease during 
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after-ripening, and suggested that an increase in promotor compounds 
counteracts ABA. Innate dormancy, then, is under hormonal control and 
requires after-ripening for its removal. 
Summary 
On the basis of evidence from this investigation, it is concluded 
that no structural or histochemical differences exist between dormant and 
non-dormant dry caryopses. When subjected to germination conditions, 
however, certain differences and similarities become apparent. Protein 
bodies are digested in both, which probably indicates that enzymes 
necessary for the breakdown of these bodies are present in both dormant 
and non-dormant embryos. Lipid bodies do not break down, suggesting a 
selectivity in the enzyme systems readily activated in dormant embryos. 
Further, in dormant embryos polysomes and rough endoplasmic reticulum do 
not form, as in non-dormant embryos. This suggests the inhibition of 
some part of the protein synthesis apparatus. Abscisic acid has been 
suggested, by another worker, as the chemical inhibitor, which probably 
inhibits synthesis of mSNA. 
Others have also supplied evidence for the contribution of the parent 
plant toward the hormonal control of developing seeds. lutescens 
plants have been shown to contain an inhibitor of seed germination. The 
caryopsis coat has definitely been established as an important contributing 
factor to dormancy. Structurally this coat is unique to some grasses, 
it consists of partially degraded cell layers which come from the parent 
plant. These layers are thought to be the source of the chemical inhibitor 
in this species. 
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Some characters of lutescens not previously reported in any grass 
caryopsis were observed. The most important of these is the occurrence 
of transfer aleurone cells. These cells are modified for short distance 
transport and were probably functional during development. The transfer 
aleurone cells are adjacent to the placental pad, which is the remnant 
of the placental vascular bundle and its surrounding tissues. Cells of 
the placental pad are also in various stages of degradation and probably 
contribute inhibitor material as does the caryopsis coat. 
Endosperm protein bodies containing alternating light and dark 
concentric rings were observed. Similar bodies have previously been 
reported only in rice. In the caryopsis coat, the seed coat contains 
what appear to be silica bodies. The seed coat forms from the integuments 
of the ovule. No other photographic evidence of silica in the seed coat 
has been reported. 
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Hess and Mahl (1954) X X 
Hess et al. (1955) X X 
Hr^ el et al. (1961) X 
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Jennings et al. (1963) X X X 
Jensen (1918) X 
Krauss (1933) X X 
McCall (1934) X 
Morris et al. (1946) X 
Morton et al. (1964) X 
Nougarède and Pilet 
(1964) X X X 
O'Brien (1951) X 
Percival (1927) X 
Pett (1935) X 
Poux (1963a; 1963b; 
1963c) X 
Price (1969) X X 
Price and Ey (1970) X X 
Sandstedt (1946) X 
Sandstedt and Beckord 
(1946) X 
Setterfield et al. 
(1959) X 
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Shetlar (1948) X X X 
Tavener and Laidman 
(1968) X X 
Thimann and O'Brien 
(1965) X 
Tronier and Ory (1970) X 
True (1893) X 
Void and Sypherd (1968) X 
Zea (Com) 
Avery (1928; 1930) X X X 
Cherry and Lessman 
(1967) X 
Duvick (1955; 1961) X X 
Gager (1907) X 
Harz (1885) X X 
Hayward (1938) X X 
Ingle et al. (1964; 
1965) X 
Kiesselbach (1949) X X X X 
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Kiesselbach and Walker 
(1952) X X 
Lampe (1931) x 
Longo and Longo (1970) X 
Lund et al. (1958) X 
Matile (1968b) X X 
Nikuni and Whistler 
(1957) X 
Oaks and Beevers (1964) X 
Oeser et al. (1968) X 
Randolph (1936) X 
Toole (1924) X 
True (1893) X 
Watson et al. (1955) X 
Weatherwax (1930) X 
Wolf et al. (1952a; 
1952b; 1952c; 1952d) X X X X 
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Hoshikawa (1969) X X 
Juliano and Aldama (1937) X 
Kono and ûhashi (1967) X 
Little and Dawson (1960) X X X 
Maeda (1969) X X 
Major and Roberts (1968) X 
Mitsuda et al. (1967a; 
1967b; 1969) X X 
Roberts (1961) X 
Saha (1956) X X 
Sircar (1969) X 
Sircar et al. (1969) X 
Suetsugu (1953) X X 
Varga (1967) X 
Watabe and Okamoto (1960) X 
Yampolaky (1944) X X 
Yung (1938) X 
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APPENDIX B 
Technique Flow-Charts 
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Chart 1. Paraffin method 
Caryopses cut In half 
Fixed in 4% glutaraldehyde in O.lM phosphate buffer pH 7.3 @ 4C for 2 hrs. 
Rinsed in buffer 
Dehydration - 25% dioxane (3-6 hrs.) 
50% dioxane (3-6 hrs.) 
99% dioxane (3-6 hrs.) 
100% dioxane (3-6 hrs.) 
1:1 dioxane ; normal butyl alcohol (NBA) (3-6 hrs.) 
100% NBA (2X, 3 - 6 hrs. each) 
3:1 60C Tissuemat : NBA (12 hrs.) 
Pure Tissuemat (12 hrs.) 
Pure Tissuemat (overnight) 
Embed 
Trim blocks to expose tissue 
Soak 1-12 hrs. in 1:4 glacial acetic acid : 60% ethanol 
Section at lOum 
Mount 
Stain 
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Chart 2. Plastic method - Araldite/Epon 
Caryopses quartered 
Fixed in 4% glutaraldehyde in O.IM phosphate buffer pH 7.0 @ 4C for 2 hrs. 
Buffer rinse (3X, 10 min. each) 
Post-fix in 1% OsO, in PO, buffer @ 4C (2 hrs.) 
Buffer rinse (3X, 10 min. each) 
Dehydration - 25% ethanol (2X, 5 min. each) 
50% ethanol (2X, 5 min. each) 
70% ethanol (5 min.) 
95% ethanol (5 min.) 
100% ethanol (3X, 5 min. each) 
Propylene oxide (3X, 5 min. each) 
*3:1 P.O. : Araldite/Epon (15 min.) 
1:1 " (20 min.) 
1:3 " (40 min.) 
Pure plastic (overnight) 
Embed 
Polymerization 8-24 hrs. @ 35C 
4 
8 - 24 hrs. @ 45C 
24 - 48 hrs. @ 60C 
Trim blocks 
Section 
* 
Araldite/Epon - Araldite 502 10.0 ml 
13.0 ml 
30.0 ml 
1.5 ml 
Epon 812 
DDSA 
DMP-30 
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Chart 3. Plastic method - Spurr resin 
Same procedure as for Araldite/Epon up to 95% ethanol dehydration step. 
100% ethanol (2X, 5 min. each) 
*1:1 100% ethanol : Spurr resin (30 min.) 
Add equal volume of pure resin to that already in vial (30 min.) 
Decant and add 100% resin (1 hr.) 
Decant and add 100% resin (overnight) 
Embed 
Polymerize @ 70C for 8-24 hrs. 
Trim and section 
* 
Spurr epoxy resin - ERL 4206 
D.E.R. 736 
NSA 
S-1 
10.0 gm. 
6.0 gm. 
25.0 gm. 
0.4 gm. 
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Chart 4. Total carbohydrates PAS a-amylase reaction 
Aldehyde fixed tissues, section at lO^ m 
Mount 3 slides with alternate sections 
Hydrate to water (do not coat with parlodion) 
/ 
Slide #1 1% a-amylase in 
neutral buffered saline 
(0.8% NaCl; 0.08% NaH2P04; 
0.13% Na2HP04) @ 37C for 
24-35 hours 
Slide #2 Neutral 
buffered saline @ 
37C for 24-36 
hours (control) 
Rinse in distilled water (2X, 5 min. each) 
Slide //3 
Distilled 
water 
(control) 
0.5% Periodic acid (30 min.) 
Wash in running tap water (10 min.) 
Stain in Schiffs reagent (15 min.) (Jensen, 1962) 
Rinse in tap water 
2.0% sodium bisulfite (2 min.) 
Wash in running tap water (10 min.) 
Dehydrate to xylene, mount in permount or piccolyte 
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Chart 5. Total lipids Nile blue method 
Aldehyde or Lewitsky's fixed tissues (non-fixed cryostat sections were 
also used) 
Section at 15%# 
Hydrate to water 
Stain in 1% Nile blue @ 37C for 30 sec. 
Differentiate in 1% acetic acid @ 37C for 30 sec. 
Wash in distilled water 
Mount in glycerine-gelatin (Johanson, 1941) 
(oils, fats and waxes stain red, free fatty acids and phospholipids stain 
blue) 
Pyridine and ether/ethanol extractions can be used as lipid controls. 
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Chart 6. Acid phosphatase test 
Aldehyde fix, paraffin embed and cut at lO^ ni 
Mount 3 slides with alternate sections 
Hydrate tissue to 100% ethanol and coat slides with Parlodion (Jensen, 
Continue hydration to water 
I 
Slide #1 Place in Slide #2 Place in 
incubation mixture acetate buffer pH 5.0 
5-8 hours @ 37C* for 6-8 hours @ 37C 
(control) 
Rinse in distilled water 
1% acetic acid (2 min.) 
(reaction product will turn black 
Immerse in dilute ammonium sulfide 
(NH^ )2S 20 drops in coplin jar 
Wash in tap water (2X, 5 min. each) 
Dehydrate in ethanol series 
Counterstain with fast green 
Dehydrate to 100% ethanol 
Mount in diaphane 
Slide //3 Distilled 
water (control) 
Dehydrate with ethanol 
series 
Stain with safranin 
and fast green 
I Mount in piccolyte 
Incubation mixture - 500 ml 0.05M acetate buffer pH 5.0 
Dissolve 0.6 gm lead nitrate (0.003M) 
Add 50 ml 3% sodium glycerophosphate (O.IM) 
(Mixture will be turbid, incubate at 37C for 24 hours before 
using, filter and add small precipitation. Refrigerate until 
used, discard when turbid.) 
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Chart 7. Nucleic acids Azure B DNA/RNA extraction method 
Aldehyde fixed material 
Section at lOum, mount 3 slides with alternate sections 
Slide #3 Distilled 
water pH 6.5 
(adjust pH with 
NaOH) control 
Stain 0.25 mg/ml Azure B in citrate buffer pH 4.0 for 2 hours @ 50C 
Wash in distilled water (3X, 5 min. each) 
Pure tertiary butyl alcohol (3X, 30 min. each) 
1:1 TEA : xylene (10 min.) 
Xylene (2X, 10 min. each) 
Mount in Permount (DNA will stain blue-green, RNA will be purple to dark 
blue) 
Remove paraffin and hydrate to water 
Slide //I 0.1% RNA'ase pH 6.8 
for 2 hours @ 37C (adjust pH 
with NaOH) removes RNA 
Slide #2 0.2 mg/ml 
DNA'ase in 0.003M 
MgS04 pH 6.5 @ 37C 
for 2 hours (adjust 
pH with NaOH) 
removes DNA 
Distilled water (3X, 5 min. each) 
124 
Chart 8. Total protein mercuric bromphenol blue with pepsin extraction 
Aldehyde fix, section and mount 3 slides with alternate sections 
Hydrate to 100% ethanol and coat slides with parlodian 
Hydrate to distilled water 
Wash in tap water ijA, o mm. eacn; 
Dehydrate to 95% ethanol 
Stain in mercuric bromphenol blue 30 min. at room temperature* 
0.5% acetic acid (30 min.) 
O.IN acetate buffer pH 6.0 (4 min.) 
Rinse in distilled water 
Dehydrate to xylene 
Mount in Permount 
*Mercuric bromphenol blue (proteins stain blue) 
20 gm mercuric chloride 
200 mg bromphenol blue 
200 ml 95% ethanol. 
Slide //I 0.02 N HCl Slide #2 0.02 Slide #3 
with 4% pepsin @ 37C N HCl @ 37C for Distilled water (control) 
for 12-48 
(removes 
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Chart 9. Protein extraction: Ninhydrin reaction for amino acids 
Dormant and non-dormant embryos were removed @ 0, 3, 6, 12 and 24 hours 
of germination (30 embryos each time) 
Macerate in 80% ethanol with glass rod 
I 
Centrifuge @ 1400 rpm (3X for 10 min. each), resuspend in 80% ethanol 
\ 
Save 80% ethanol extract, 
contains soluble amino 
acids j 
Evaporate ethanol and re-
dissolve in 2 ml 80% 
ethanol 
Hydrolyze residue in sealed centrifuge 
tubes in 1:1 3N HCl : glacial acetic 
acid @ 150C for 16 hours 
Pour hydrolyzed mixture into small 
beakers, rinse tubes with distilled 
water. Contains amino acids hydrolyzed 
from protein 
Evaporate acid mixture 
y 
Rinse and filter residue and add 5 ml 
distilled water 
(Do in duplicate) Place 0.5  ml from each tube into clean test tubes, 
I 
Add 0.2  ml borate buffer (to volatilize ammonia) and place in a vacuum 
desiccator over NaOH and HgSO^  overnight 
I 2 gm Ninhydrin 
Add 2 ml reaction mixture to each tube-*—|o .2  gm Hydrin dantin 
50 ml methyl cellosolve 
50 ml acetate buffer 
(dissolve first three and 
then add buffer) 
Cap and boil 15 miin. 
Cool and add 2 ml 50% ethanol 
to soluble fraction 
]ool and add 13 ml 50% ethanol to 
residue fraction* 
Read absorbance @ 570 mja (Beckman DB-G Spectrophotometer) 
*Dilution required in order to maintain the absorbance values @ 
570 mp within the range of the spectrophotometer scale. 
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Chart 10. Lipid extraction 
Dormant and non-dormant seeds placed on germination blotters. 
Remove and oven dry for 1 hr. @ 60C. Samples taken at 12, 50, 96, 120, 
144 and 216 hrs. 
Determine average dry weight per seed or seedling. 
Grind through 30 mesh screen. 
Weight powder and divide by average weight per seed to determine the 
average number of seeds per sample. 
Weigh dried boiling flask. 
Dry powder 1 hr. 0 60C to further remove water. 
Place powder in extraction thimble. 
Insert in Soxhlet apparatus - extract with 75 ml petroleum ether for 9 -
14 hrs. 
Remove and cool boiling flask. 
Evaporate petroleum ether on a vacuum distillation apparatus. 
Permit flask to thoroughly dry before weighing. 
Weigh flask and subtract weight of empty flask to determine total lipids 
extracted. 
Divide total weight by number of seeds extracted. 
127 
APPENDIX C 
Micrographs 
Key to labelling 
All illustrations are of Setaria lutescens unless otherwise indicated. 
Abbreviations ; 
Aleur _ Aleurone layer N - Nucleus 
Ap _ Apex Nuc - Nucellus 
Cc _ Cross cell Par - Parenchyma cell 
Cet _ Caryopsis coat Pb - Protein body 
Coleop _ Coleoptlle Per - Pericarp 
Coleor _ Coleorhize PI b - Placental bundle 
Cut 
- Cuticle PI p - Placental pad 
El - Embryonic leaf Ps - Polysome 
Endo - Endosperm R - Ribosome 
Ebp - Endosperm protein body Rad - Radicle 
ER - Endoplasmic reticulum RC - Root cap 
G - Globoid RER - Rough ER 
G1 - Glyoxysome SC - Seed coat 
I - Cell wall ingrowths Scut - Scutellum 
Int - Integuments St f - Starch fissure 
L - Leucoplast St g - Starch granule 
Lb - Lipid body T Aleur - Transfer aleurone cell 
Mew - Mucilaginous cell wall Tc - Tube cell 
M - Mitochondria V - Vesicle 
Mt - Microtubule 
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Key to dormancy to dormancy condition 
Figures taken from dormant caryopses: 2, 3, 5-7, 0, 11, 15-19 
22, 23, 25, 27-29, 32, 36, 40-42, 44, 45, 47, 48, 57, 65, 67-71, 73 
76-78, 81, 83, 85, 86. 
Figures taken from non-dormant caryopses: 4, 8, 9, 12-14, 20, 
21, 24, 26, 30, 31, 33-35, 37-39, 43, 46, 53-56, 58-60, 64, 66, 72, 
75, 80, 84, 87. 
Those figures not listed are labelled within their legend. 
Figure 1. Drawing of a median longitudinal section of the caryopsis 
of Setaria lutescens. Structures of the caryopsis include: 
endosperm, aleurone layer, transfer aleurone cells, 
placental pad and the embryo with its component parts -
the coleoptile, embryonic leaves, apex, mesocotyl, 
radicle, root cap, coleorhiza and scutellum. The line 
scale equals 0.1 mm 
[Insert. The caryopsis coat consists of the following 
layers: 1) nucellus, 2) seed coat, 3) tube cells, 
4) cross cells, 5) epidermis of the pericarp, and 
6) filmy cuticle.] 
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Aleur. 
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T. Aleur. 
Coleor. 
Figure 2. Median longitudinal section of an embryo. Line scale equals 
100 yro 
Figure 3. Longitudinal section through the scutellum and coleoptile. 
Line scale equals 100 ym 
Figure 4. In longitudinal section, the cells at the tip of the 
coleoptile are elongate. The coleoptile is covered by a 
thick waxy cuticle. Line scale equals 20 ym 
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Figure 5. Cross section of a procambial strand in the coleoptile. 
Procambial cells are surrounded by a bundle sheath. 
Line scale equals 1 ym 
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Figure 6. Enlargement of one bundle sheath cell showing large 
nucleus and an abundance of lipid reserves and ribosomes. 
Line scale equals 1 ym 
Figure 7. Longitudinal section through several procambial cells. 
The cells of the bundle are connected by numerous 
plasmadesmata (arrows). Line scale equals 1 ym 
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Figure 8. 
Figure 9. 
Figure 10. 
Figure 11. 
Cross section of a portion of the coleoptile, 
including one of the bundles. Line scale equals 20 ym 
In cross section the leaf margins in the embryo 
overlap each other. Line scale equals 20 ym 
Four or five leaves are seen in longitudinal section 
surrounding the embryo apex. The apex appears as a 
short blunt cone. Line scale equals 20 ym 
Embryonic leaves in longitudinal section extend into 
the coleoptile and fill all available space. 
Line scale equals 20 ym 
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Figure 12. 
Figure 13. 
Figure 14. 
Figure 15. 
Median longitudinal section of mature embryo shows 
the apex and adjacent leaves. A email region of 
shortened internodes and meristematic initials 
subtends the apex. Line scale equals 20 ym 
Also shown in median longitudinal section is the 
large vascular cylinder of the mesocotyl. Line 
scale equals 20 ym 
A single large vascular trace (arrow) branches 
laterally from the mesocotyl to the scutellum 
Line scale equals 20 ym 
The procambial vascular cylinder is continuous into 
the radicle. Line scale equals 20 ym 
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Figure 16. 
Figure 17. 
Figure 18. 
Figure 19. 
In a thick, plastic cross section, the epidermis of 
the radicle is elongate and arranged regularly around 
the radicle. The cells adjacent to the epidermis are 
darker when post-fixed with osmium. Line scale 
equals 20 ym 
An enlargement of part of Figure 16 reveals an immature 
central metaxylem cell surrounded by procambium. 
Line scale equals 10 ym 
The thick outer cell wall of the radicle can be seen 
in cross section. The pericycle and endodermis are 
just discernible. Line scale equals 20 ym 
In a glancing longitudinal section of the radicle, 
reacted with PAS, the thick outer cell wall of the 
epidermis is apparent. Line scale equals 20 ym 
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Figure 20. Longitudinal section of radicle cells in a dry 
embryo reveals an abundance of lipid and protein 
storage bodies. Line scale equals 1 ym 
Figure 21. A similar electron micrograph of two cells, each 
with a large interphase nucleus. Line scale 
equals 1 ym 
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Figure 22. Root cap cells are shown in longitudinal section. 
Line scale equals 20 ym 
Figure 23. This longitudinal section shows the distal portion of 
the coleorhiza, the first embryo organ to react during 
germination. The epidermal cells are trichoblasts 
which form hairs early in germination. Line scale 
equals 20 pm 
Figure 24. The arrow indicates what seems to be a cementing 
substance which helps the embryo to adhere to the 
aleurone layer and caryopsis coat. Line scale 
equals 20 ym 
Figure 25. A longitudinal section of the proximal end of the 
scutellum. Line scale equals 20 ym 
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Figure 26. 
Figure 27. 
Figure 28. 
Figure 29. 
Scutellar epithelial cells (arrow) are modified for 
the secretion of enzymes and hormones and the 
absorption of soluble food products. Line scale 
equals 20 ym 
The scutellar epithelial cells in longitudinal section 
appears to be irregularly columnar in shape. Line 
scale equals 20 ym 
In longitudinal section, the cells of the scutellum 
are seen to be gorged with protein and lipid bodies. 
Line scale equals 10 ym 
A single vascular bundle (arrow) supplies the scutellum 
(also see Figure 1). Line scale equals 20 ym 
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Figure 30. Longitudinal section of a scutellum cell from 
faberii. Lipid bodies, protein bodies and 
several plastids and mitochondria can be seen. 
Tissues for this preparation were soaked 2 hours 
in water prior to fixation. Line scale equals 1 ]im 
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Figure 31. Some of the plastids in these scutellum cells of 
faberii have formed starch granules; ribosomes, 
lipid bodies and mitochondria are also seen. Globoid 
inclusions appear in some protein bodies. This seed 
was soaked 2 hours in water before fixation. Line 
scale equals 1 ym 
Figure 32. Endoplasmic reticulum shown in a scutellum cell fixed 
with KMnO^ . Line scale equals 0.5 ym 
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Figure 33. 
Figure 34. 
Figure 35. 
Figure 36. 
This longitudinal section shows the end of the 
scutellar vascular bundle (arrow). Line scale 
equals 20 pm 
Also in longitudinal section, some cells in the 
bundle appear to contain small slime plugs (arrow). 
Line scale equals 20 pm 
Cross section of the scutellum. The scutellar 
bundle does not appear to form lateral branches. 
Line scale equals 20 pm 
A longitudinal section of the scutellum tip shows 
that the outer epidermal cells appear different from 
the scutellar epithelial cells on the inner surface. 
Line scale equals 20 ym 
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Figure 37. A longitudinal section through a scutellar bundle 
cell in faberii showing the characteristic 
elongated nucleus. Line scale equals 1 ym 
Figure 38. The end walls of these cells in faberii appear 
to contain callose plugs. Organelles in these 
cells are highly active after 24 hours of germination. 
Line scale equals 1 ym 
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Figure 39. 
Figure 40. 
Figure 41. 
Figure 42. 
A plastic longitudinal section of the endosperm 
stained with 1% safranin reveals that the interior 
cells of the endosperm are larger than those near 
its periphery. Line scale equals 100 Um 
A higher magnification of the inner cells of the 
endosperm shows them to contain mostly starch. 
Line scale equals 20 ym 
A similar micrograph near the endosperm shows 
accumulations of protein bodies. Line scale equals 
20 ym 
In many sections of the peripheral endosperm, starch 
granules were appressed to the inner tangential wall. 
Line scale equals 20 ym 
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Figure 43. 
Figure 44. 
Figure 45. 
Figure 46. 
Figure 47. 
Figure 48. 
Under bright field optics a cryostat section of the 
endosperm of a fresh, dry embryo reveals starch 
granules with crystalline-appearing deposits. Line 
scale equals 10 ym 
Under polarized light in a similar section, the 
crystalline-like core of the starch granules (arrow) 
gives a different polarization pattern than does the 
remaining granule. Line scale equals 10 ym 
An endosperm smear preparation seen under phase 
contrast reveals that the crystalline image in the 
starch granules is actually a fissure. Line scale 
equals 10 ym 
Enlargement of a portion of Figure 45. Line scale 
equals 10 ym 
Nomarski interference optics help to emphasize the 
external features of the starch granules in this smear 
preparation. Line scale equals 10 ym 
Enlargement of a portion of Figure 47. Line scale 
equals 10 ym 
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Figure 49. Longitudinal section of endosperm from a dormant 
caryopsis under phase optics after incineration. 
Line scale equals 20 Um 
Figure 50. Same as Figure 49, photographed under dark field 
illumination. No bright crystalline deposits are 
seen in the endosperm. Two bright lines in the 
caryopsis coat probably indicate the zone of silica 
body deposition in the seed coat (arrow). Line 
scale equals 20 ym 
Figure 51. Same as Figure 49, except with a non-dormant 
caryopsis. Line scale equals 20 ym 
Figure 52. Same as Figure 50, except with a non-dormant 
caryopsis. Line scale equals 20 ym 

Figure 53. An electron micrograph of a peripheral endosperm cell 
shows the concentration of endosperm protein bodies. 
Line scale equals 1 ym 
Figure 54. A similar section from the endosperm interior shows 
a greater concentration of starch. Line scale equals 
1 ym 
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Figure 55. Two endosperm protein bodies showing their light and 
dark concentric rings; some bodies have a dense core 
when cut in median section. Line scale equals 0.25 ym 
Figure 56. In this preparation, the ring structure is apparent 
but the overall appearance of the protein body is 
somewhat different. Line scale equals 0.25 pm 
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Figure 57. 
Figure 58. 
Figure 59. 
Figure 60. 
The uniseriate aleurone layer and adjacent endosperm 
in longitudinal section. In scattered areas the 
aleurone layer is biseriate (arrow). Line scale 
equals 50 ym 
Longitudinal section showing that the aleurone layer 
is continuous around the embryo as well. Line scale 
equals 20 ym 
The cells of the aleurone layer (arrow) are tabular 
and regular as seen in paradermal section. Line 
scale equals 20 ym 
Plastic sections stained with safranin show dark 
protein bodies, lipid bodies and endosperm protein 
bodies are also shown. Line scale equals 10 ym 
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Figure 61. Longitudinal section through the aleurone layer of a 
non-dormant dry caryopsis. The cell wall surrounding 
the aleurone cells is layered. Protein bodies in dry 
aleurone cells easily shatter with sectioning. Lipid 
bodies appear very dense. The cytoplasm is gray and 
appears packed between storage bodies. Line scale 
equals 1 ym 
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Figure 62. Aleurone cells from a dormant dry caryopsis. Line 
scale equals 1 ym 
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Figure 63. 
Figure 64. 
Figure 65. 
Figure 66. 
A longitudinal section of a recently fertilized flower, 
shows the single placental bundle as it enters the 
developing caryopsis (arrow). Line scale equals 100 ym 
In a median longitudinal section of a mature caryopsis 
this same area forms the placental pad (arrow). Line 
scale equals 100 ym 
An enlargement of the placental pad and adjacent cells 
shows the irregularly columnar shaped transfer aleurone 
cells. These cells have thickened outer radial and 
tangential walls (arrows). Line scale equals 20 ym 
A still higher magnification of the transfer aleurone 
cells shows the thickened portions of their walls which 
contain ingrowths. Line scale equals 10 ym 
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Figure 67. In longitudinal section the cell wall ingrowths of 
the transfer aleurone cells are quite obvious at 
the fine-structure level. Line scale equals 1 ym 
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Figure 68. The outer portions of the wall ingrowths are uniform 
in texture, while the inner portions appear somewhat 
porous. The overall image of the wall is neither 
that of a primary nor a secondary wall. Line scale 
equals 0.5 jjim 
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Figure 69. Transfer aleurone cell ingrowths are occasionally on 
only one side of the wall and are convoluted and 
deeply lobed. Line scale equals 0.5 ym 
Figure 70. Same as above, line scale equals 0.25 ym 
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Figure 71. The inner radial and tangential walls of the transfer 
aleurone cells do not have abundant ingrowths. This 
part of the wall appears to be a typical primary wall. 
Line scale equals 1 ym 
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Figure 72. 
Figure 73. 
Figure 74. 
Figure 75. 
A paradermal section through the transfer aleurone 
cells reveals their variably thickened cell walls. 
Line scale equals 20 ym 
Cryostat section of caryopsis soaked in acridine 
orange and photographed with fluorescent light. Note 
the conspicuous reaction in the transfer aleurone 
cell walls. Line scale equals 20 ym 
Placental pad in longitudinal section. Tracheary 
elements (arrow) indicate remnants of the pedicel and 
placental vascular bundle. Line scale equals 20 ym 
In a paradermal section through the placental pad, 
the tracheary elements of the placental bundle are 
seen to traverse its length. Line scale equals 20 ym 
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Figure 76. This montage of three micrographs shows the entire 
placental pad. The outer 10-15 layers are crushed 
parenchyma cells from the outside of the placental 
bundle. The next 5-6 layers are formed from the 
remnants of the placental bundle and the pericarp 
tissues immediately surrounding it. The inner 
layers of the pad are formed from parenchyma cells 
located inside the placental bundle. Compare this 
micrograph to the region of the placental bundle 
in Figure 63. Line scale equals 2 ym 
186 
Par -
PI b 
& 
Per 
Par 4 
76) 
Figure 77. This montage shows the placental pad from the region 
of the placental bundle to the transfer aleurone 
cells. No seed coat is present in the pad, as the 
integuments do not surround the area where the 
caryopsis connects to the receptacle. Line scale 
equals 2 ym 
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Figure 78. A higher magnification of a cell from the bundle 
region of the pad shows its necrotic cytoplasm. 
Line scale equals 0.25 ym 
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Figure 79. 
Figure 80. 
Figure 81. 
Figure 82. 
Longitudinal section of an ovary. Note the embryo 
sac and the sporophyte layers which surround the 
developing seed: nucellus, integuments and 
pericarp. These layers become stretched and 
crushed to form the caryopsis coat in the mature 
caryopsis. Line scale equals 20 ym 
Plastic cross section of the scutellum and 
endosperm. Tube cells, cross cells, the middle 
layers of the caryopsis coat are seen. Line scale 
equals 20 ym 
Tube cells are orientated parallel to the long axis 
of the caryopsis, while cross cells are shown 
transverse to the long axis in this paradermal 
section. Line scale equals 20 ym 
A longitudinal section through the distal end 
of the caryopsis shows a dried wispy tail which is 
the remains of the style. Line scale equals 100 ym 
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Figure 83. Cross section of the caryopsis coat. A filmy cuticle 
covers the outside. The epidermis of the pericarp and 
occasionally some crushed layers of parenchyma cells 
form the next layers. Cross cells and tube cells 
have thick cell walls and are orientated at right 
angles to each other, forming the middle layers of the 
coat. The seed coat appears as two dark lines made up 
of silica bodies. The nucellus forms a gray mass 
inside the seed coat. Line scale equals 0.5 yœ 
194 
Figure 84. In this longitudinal section the epidermal cells of 
the pericarp contain a dense necrotic cytoplasm. 
These cells give the coat a speckled appearance when 
viewed externally. Line scale equals 0.5 ym 
Figure 85. The tube cells seen here in cross section also contain 
necrotic cytoplasm. Note the peculiar ringed 
spherical bodies (arrow) and small vesicles. Line 
scale equals 0.5 ym 
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Figure 86. The caryopsis coat varies in thickness from 2-10 ym. 
Where thin, as in this cross section, the coat 
layers appear extremely crushed. Line scale equals 
1 ym 
Figure 87, Where the coat is thickest, as shown in cross section, 
more parenchyma layers occur, and the ends of cross 
cells can be seen to overlap. Line scale equals 1 ym 
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Figure 88. This micrograph shows the caryopsis coat in a 
dormant caryopsis. Line scale equals 1 ym 
Figure 89. Same as above, except in a non-dormant caryopsis. 
Line scale equals 1 ym 
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Figure 90. 
Figure 91. 
A cortical cell of the radicle. Line scale equals 1 ym 
Thick plastic longitudinal section of the radicle. 
Protein bodies appear as small dark spots (arrow); they 
are more numerous in the cortex than in the vascular 
cylinder. Line scale equals 20 ym 
Figure 92. Paraffin cross section of the radicle showing the 
difference between the cells of the cortex and 
vascular cylinder. Line scale equals 20 ym 
202 
Figure 93. A longitudinal section of a cell in the vascular 
cylinder of the radicle. It contains many lipid 
bodies and various other organelles, but few 
protein bodies. Line scale equals 1 ym 
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Figure 94. Portion of two cortical cells of the radicle after 
germinating for 24 hours. The number of lipid bodies 
has decreased and protein bodies have lost much of 
their contents. Vacuoles which form from digested 
protein bodies tend to aggregate to form larger 
vacuoles. Line scale equals 0.5 ym 
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Figure 95. After 48-60 hours of germination, many vesicles and 
distended lamellar structures (arrows) appear in 
the cytoplasm of radicle cells. Line scale equals 
1 ym 
Figure 96. Same as Figure 95. Line scale equals 0.5 ym 
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Figure 97. A portion of a radicle cell at 90 hours of 
germination. Mitochondria, leucoplasts, rough ER 
and polysomes are abundant. Protein bodies are 
actively being digested. Lipid bodies are not 
numerous. Many microtubules are shown adjacent to 
the cell walls (arrowheads). Line scale equals 1 ym 
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Figure 98. Radicle cell after 90 hours of germination. Rough ER 
is seen around the nucleus and numerous mitochondria 
are also shown. Line scale equals 1 ym 
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Figure 99. Radicle cell after 90 hours of germination. Many 
dictyosomes are present and numerous vesicles are 
seen inside protein bodies (arrow). Line scale 
equals 1 ym 
Figure 100. Same as above, line scale equals 1 ym 
214 
Figure 101. A tangential section through a radicle cell wall 
after 90 hours germination. Microtubules in the 
adjacent cytoplasm are orientated parallel to the 
wall; polysomes are also seen. Line scale equals 
0.25 ym 
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Figure 102. Coleorhiza cells after 24 hours germination. Protein 
bodies are almost completely digested and their empty 
vacuoles aggregate and fill most of the cell. 
Glyoxysomes are also seen. Line scale equals 
1 ym 
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Figure 103. By 24 hours of germination, rough ER and polysomes 
are present in the cells of the coleorhiza; this 
same stage of development does not occur until at 
least 48 hours in the radicle. Line scale equals 
0.25 lim 
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Figure 104. In the coleorhiza, lipid bodies are digested 
according to a pitting pattern (arrows). 
Accompanying lipid degradation is a build-up of 
starch in the leucoplasts. Glyoxysomes instrumental 
in this conversion are also present in the coleorhiza. 
Line scale equals 0.5 ym 
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Figure 105. Coleorhiza cells after 24 hours of germination. 
Lipid bodies are being digested and glyoxysomes, 
leucoplasts, rough ER and polysomes are also 
present. No microtubules occur. Line scale 
equals 0.5 ym 
Figure 106. Same as above, line scale equals 0.5 ym 
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Figures 107-112. Pattern of protein body digestion in radicle cells 
Figure 107. 
Figure 108. 
Figure 109. 
Figure 110. 
Figure 111. 
Figure 112. 
The protein body swells and appears dense and granular 
as germination begins. Line scale equals 0.5 ym 
Marginal pitting occurs with the initiation of 
digestion. Along the periphery of the digested zone 
are many small vesicles. Line scale equals 0.25 ym 
Sometimes several pitted areas occur, as in this 
micrograph. Line scale equals 0.5 ym 
Digestion has continued in this protein body until only 
a small clump of stored protein remains. Line scale 
equals 1 ym 
In this micrograph, only small isolated patches of 
protein remain. Line scale equals 1 ym 
An empty vacuole is formed after complete digestion. 
Litie scale equals 0.25 ym 
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Figure 113. Radicle cell of a dormant embryo. The pattern of 
protein digestion is the same as in non-dormant 
cells. Line scale equals 0.5 ym 
Figure 114. Same as above, note that the lipid bodies do not 
break down. Line scale equals 0.5 ym 
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Figure 115. Radicle cells from a dormant embryo after 65 hours 
germination. The distribution of protein and lipid 
bodies is identical to non-dormant embryos. Protein 
bodies are being digested, but the lipid bodies are 
still intact. Line scale equals 1 ym 
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Figure 116. Radicle cell of a dormant embryo after 65 hours of 
under germination conditions. Numerous protein bodies 
in all stages of digestion are shown. Line scale 
equals 1 ym 
Figure 117. Portion of a radicle cell of a dormant embryo after 
65 hours of germination. Occasionally glyoxysomes 
and developing starch granules are seen. ' Line scale 
equals 0.5 ym 
232 
Figure 118. Scutellum cells from a dormant caryopsis after 12 
hours under germination conditions. Protein bodies 
are being digested, but no lipids break down. Line 
scale equals 1 pm 
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Figure 119. Aleurone cell of a dormant caryopsis after 89 
hours of germination conditions. No lipid 
digestion has occurred. Line scale equals 0.5 ym 
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Figures 120-123. Longitudinal sections of dry non-dormant 
caryopses reacted with PAS. Line scales equal 
100 v® 
Figure 120. The endosperm of non-duiœant caryopses is mostly 
starch as indicated by dark area (arrow). Starch 
granules in the embryo appear as black specks. 
Figure 121. In this micrograph, the coleorhiza, scutellum and 
cortical cells of the embryo can be seen to have 
an abundance of starch. Cell walls of the placental 
pad and the root cap stain more intensely. The 
mucilaginous cell wall around the radicle also 
stains for carbohydrates 
Figure 122. Extraction control for Figure 120 
Figure 123. Extraction control for Figure 121 
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Figures 124-127. Longitudinal sections of dry dormant caryopses 
reacted with PAS. Line scales equal 100 ym 
Figure 124. Oblique section through endosperm and a portion of 
the scutellum. The distribution of starch, indicated 
by the black area and scattered black spots, is the 
same in dormant caryopses as in non-dormant caryopses 
Figure 125. Enlargement of part of Figure 124 
Figure 126. Extraction control for Figure 124 
Figure 127. Extraction control for Figure 125 

Figures 128-131. Longitudinal sections of dry dormant and non-
dormant caryopses cut on a cryostat and stained 
for lipids with Sudan IV. Line scales equal 
20 ym 
Figure 128. Sudan IV staining in a dormant caryopsis indicates 
the presence of great numbers î»f lipid bodies (arrows) 
Figure 129. In this ether/ethanol extraction control for Figure 
128, the number of lipid bodies seems decreased and 
the staining is not as intense 
Figure 130. In this non-dormant caryopsis the lipid body content 
is the same as in dormant caryopses 
Figure 131. Extraction control for Figure 130 
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Figures 132-137. Longitudinal sections of dry dormant and non-
dormant caryopses reacted for acid phosphatase 
activity 
Figure 132. Acid phosphatase activity in the non-dormant embryo 
is indicated by black staining rea/ ion around the 
periphery of protein bodies. Lint dcale equals 20 ym 
Figure 133. Control for 132, line scale equals 20 ym 
Figure 134. Entire non-dormant caryopsis. There is no acid 
phosphatase activity in the endosperm protein bodies. 
These preparations were counterstained with fast green. 
Line scale equals 100 ym 
Figure 135. Dormant embryos, reacted for acid phosphatase, gave 
the same reaction product as did non-dormant embryos. 
Line scale equals 20 ym 
Figure 136. Control for Figure 135, line scale equals 20 ym 
Figure 137. Same as Figure 134, except in a dormant caryopsis. 
Line scale equals 100 ym 
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Figures 138-139. Electron micrographs of preparations treated to 
indicate the presence of catalase activity in 
dry dormant and non-dormant embryos 
Figure 138. 
Figure 139. 
Portion of a scutellum cell of a dry dormant caryopsis. 
Accumulations of reaction product can be observed 
packed between large lipid bodies (arrows). Line scale 
equals 1 ym 
Same as above, except in a non-dormant dry scutellum 
(arrows indicate reaction product). Line scale equals 
0.5 um 
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Figures 140-143. Longitudinal sections of dormant embryos under 
germination conditions, stained with azure B for 
nucleic acids. Line scales equal 20 ym 
Figure 140. 
Figure 141. 
Figure 142. 
Figure 143. 
Cells of the scutellum at 12 hours of germination. Nu­
cleic acid activity was generally distributed throughout 
the embryo 
At 24 hours of germination, the activity of: nucleic acids 
has not changed in the scutellum 
After 48 hours no change was observed 
At 72 hours there was still no change in activity. The 
cells of the vascular cylinder have the greatest stain 
intensity 
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Figures 144 
Figure 144. 
Figure 145. 
Figure 146. 
Figure 147. 
147. Longitudinal sections of non-dormant caryopses 
azure B-stained for nucleic acids during germina­
tion. Line scales equal 20 ym 
The staining intensity is approximately the same as 
in the dormant embryo 
At 24 hours staining is similar to the dormant 
embryo 
After 48 hours of germination the stain intensity 
becomes greater in the radicle, indicating an increase 
in nucleic acid activity 
At 72 hours the radicle has elongated. Staining is very 
dense and concentrated along the margins of vacuolate 
cells and in the cytoplasmic strands surrounding the 
nucleus 
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Figures 148-151. Mercuric-bromphenol blue staining for total 
proteins in longitudinal sections of dry dormant 
and non-dormant embryos. Line scales equal 100 ym 
Figure 148. Dormant embryo protein bodies and cytoplasmic proteins 
stain deeply 
Figure 149. Non-dormant embryo staining is similar to dormant 
embryos 
Figure 150. Endosperm protein bodies also stain densely in dormant 
caryopses 
Figure 151. Same as Figure 150, except in non-dormant endosperm 
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Figures 152-155. Longitudinal sections through the radicle and 
coleorhiza of dormant caryopses subjected to 
germination conditions stained for protein with 
mercuric-bromphenol blue. Line scales equal 
100 ym 
Figure 152. After 12 hours, staining is in all cells of the embryo. 
Dense accumulations of protein are in the coleorhiza. 
The epidermal cells of the coleorhiza and the cells of 
the root cap do not stain densely 
Figure 153. Same as Figure 152, except at 24 hours 
Figure 154. After 48 hours of germination conditions there are no 
changes in the distribution of proteins 
Figure 155. Same as Figure 154, except at 72 hours 
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Figures 156-159. Longitudinal sections through the radicle and 
coleorhiza of non-dormant embryos under germina­
tion conditions stained for protein with 
mercuric-bromphenol blue. Line scales equal 100 
ym 
Figure 156. The protein content at 12 hours of germination in non-
dormant embryos appears similar to dormant embryos 
Figure 157. Same as Figure 156, except at 24 hours 
Figure 158. There are no observable changes at 48 hours 
Figure 159. At 72 hours, as in this section, there appears to be 
a rapid decrease in protein content in the elongating 
radicle and coleorhiza 
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Figure 160, Two views of the floret of 2- lutescens. At left is 
the bottom view, at right is the top view. There are 
three glumes (numbered arrows); glumes one and two 
cover the palea, and glume three the lemma. Five 
bundles occur in the larger glumes while only three 
are in the smallest. (Copied with permission from 
Mason, H. L. 1957. A Flora of the Marshes of 
California. Univ. Calif. Press, Berkley.) Line 
scale equals 0.5 mm 
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Figures 161-166. External anatomy of the floret. The right figure 
' in each photograph is dormant, the left is non-
dormant. Line scales equal 1 mm 
Figure 161. The lemma with its covering glume. Deep transverse 
ridges cover the convex lemma 
Figure 162. A small germination-lid is at the proximal end of the 
lemma (arrow) 
Figure 163. The palea is concave except at its proximal end (arrow). 
Figure 164. Two filmy lateral extensions (arrow) of the palea 
surround the caryopsis 
Figure 165. Excised caryopses are ovoid. The knob-like protrusion 
at the proximal end is the coleorhiza 
Figure 166. The bottom surface of the caryopsis is flattened. At 
the proximal end is a dark oval structure, the placental 
pad. A circular lip of tissue (arrow) marks the point 
of attachment of the caryopsis to the palea 
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Figures 167-172. Photographs of florets showing external changes 
during germination. Line scales equal 1 mm 
Figure 167. 
Figure 168. 
Figure 169. 
Figure 170. 
Figure 171. 
Figure 172. 
The coleorhiza emerges by pushing open the germination 
lid, usually within 36 hours 
The coleorhiza becomes covered with epidermal trichomes 
immediately upon emergence. The radicle emerges 
through the lower surface of the coleorhiza and forms 
root hairs immediately 
The germination lid and coleorhiza hairs are shown in 
this figure 
The coleoptile (arrow) emerges by forcing the lemma and 
palea open as it elongates 
The coleoptile bends upward immediately after emerging 
The coleoptile elongates rapidly after emergence. The 
first leaves of the shoot come out through a small slit 
on the outer surface of the coleoptile (arrow) 
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Figures 173-179. Germination sequence. Line scale equals 1 mm 
Figure 173. The coleorhiza emerges first, through the 
germination lid 
Figure 174. Hairs develop from coleorhiza epidermal cells after 
emergence 
Figure 175. The radicle is shown here after it has forced its 
way through the bottom of the coleorhiza 
Figure 176. The radicle elongates rapidly after emergence and 
root hairs form immediately 
Figure 177. Somewhat later, the tip of the coleoptile is seen 
(arrow) 
Figure 178. Slightly later than Figure 177 
Figure 179. The coleorhiza hairs dry up after the radicle has 
elongated further 
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Figures 180-185. Germination sequence of excised embryos growing 
on filter paper. Line scales equal 1 mm 
Figure 180. During imbibition the embryo swells and bursts through 
the caryopsis coat covering the embryo. The 
coleorhiza emerges first 
Figure 181. The embryo soon after coleoptile emergence (left) is 
shown in this photograph 
Figure 182. The coleoptile expands more rapidly than does the 
radicle; this is opposite the sequence in intact 
florets. The slit through which the first leaf 
emerges is shown (arrow) 
Figure 183. Coleorhiza epidermis and hairs are shown 
Figure 184. View from underneath the embryo shows the scutellum, 
a shield-shaped organ which separates the embryo 
axis from the endosperm. The radicle is shown 
emerging from the coleorhiza at far right 
Figure 185. After 2-3 days a seemingly normal seedling has formed 
from an excised embryo. A small droplet of guttated 
water is at the coleoptile tip 
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Figures 186-189. ABA germination experiment. Line scales equal 
1 mm 
Figure 186. Excised embryo after 24 hours on 10 M ABA. The 
embryo swells enough to break through caryopsis coat, 
but does not germinate 
Figure 187, After 8 days of 10 ABA there is no germination 
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Figure 188. Excised embryo after 24 hours on 10 M ABA. The 
embryo swells' enough to break the caryopsis coat 
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Figure 189. After 8 days on 10 M ABA the embryo has not germinated, 
but coleorhiza hairs have formed 

